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Abstract

Hypertension is the leading cause of premature death worldwide and results in damage
of multiple organs including the kidney. Hypertensive kidney disease involves glomerular
hyperfiltration, which is an important mechanism in the development of albuminuria and
chronic kidney disease (CKD). During hyperfiltration, podocytes are damaged by
increased fluid flow shear stress (FFSS) in Bowman’s space, which was previously shown
to upregulate prostaglandin E2 (PGE:2) synthesis and cyclooxygenase 2 (COX2). In
study 1, the PGE:> autocrine/paracrine pathway was elucidated in human podocytes
(hPC) by experimental in vitro studies. Therefore, hPC were treated with PGE2 with or
without separate or combined inhibition of prostaglandin E receptors (EP), EP2, and EP4,
followed by analysis of the second messenger cyclic adenosine monophosphate (CAMP),
MRNA expression of COX2, PTGERZ2, and PTGER4, and cellular levels of PGE> and its
metabolites 15-keto-PGE>, and 13,14-dihydro-15-keto-PGE: by lipidomic analysis using
liquid chromatography electrospray ionization tandem mass spectrometry (LC/ESI-
MS/MS). To link PGE»-treatment with glomerular hyperfiltration, quantification of the
prostaglandin profile in isolated glomeruli and plasma of an in vivo model of hyperfiltration
and albuminuria, i.e. the Munich Wistar Fromter rat (MWF) was performed, as well as
analysis of COX2, PTGERZ2, and PTGER4 expression after application of FFSS in hPC.
In hPC, stimulation with PGE> led to an EP2- and EP4-dependent increase of cAMP,
COX2, and cellular PGE2. PTGER4 was reduced after PGE> stimulation in hPC. In the
corresponding lipidomic analysis at the tissue level, increased PGE> and 15-keto-PGE2
levels were detected in isolated glomeruli obtained from MWF, as compared to the
albuminuria-resistant spontaneously hypertensive rat, which substantiated an activation
of this pathway during hyperfiltration. Moreover, COX2 and PTGER4 were upregulated
by FFSS in hPC. Thus, the data of study 1 support an autocrine/paracrine COX2/PGE2
pathway in hPC related to concerted EP2 and EP4 signaling. Irrespective of the
pharmacological mechanism, reducing elevated blood pressures is per se renoprotective.
Beta-blockers play a fundamental role as combination partners for antihypertensive
treatment, especially in patients with cardiac comorbidities, which often accompany CKD.
However, previous studies associated depression with beta-blocker use, which may limit
their application in clinical practice. Study 2 clarified the question whether beta-blockers

cause depression, by means of a systematic review of large-scale data from double-blind,
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randomized controlled trials and meta-analyses. Depression did not arise more
commonly during beta-blockers than during placebo or active agents. Therefore,
concerns about the impact of beta-blockers on psychological well-being should not affect

their application in clinical practice including their use in patients with or at risk for CKD.

Zusammenfassung

Die arterielle Hypertonie ist weltweit der Hauptgrund fur frihzeitigen Tod und kann viele
Organe, einschlieBlich der Nieren, schadigen. Als mdogliche Folgeerscheinung der
Hypertonie spielt die glomerulare Hyperfiltration bei der Entwicklung der Albuminurie und
chronischen Nierenerkrankung (CKD) eine wichtige Rolle. Wahrend der Hyperfiltration
werden Podozyten durch erhdhten Scherstress des Flussigkeitsstromes (FFSS) in der
Bowman-Kapsel geschadigt, einhergehend mit einer Hochregulation von Prostaglandin
E2 (PGE2) und Cyclooxygenase 2 (COX2). In Studie 1 wurde daher in vitro der
autokrine/parakrine PGE:2 Signalweg in humanen Podozyten (hPC) untersucht. Dazu
wurden hPC mit PGE2 in An- oder Abwesenheit von Einzel- bzw. Doppelinhibition der
Prostaglandin E Rezeptoren (EP) EP2 und EP4 behandelt, gefolgt von Untersuchungen
des second messengers cAMP, der mRNA Expression von COX2, PTGERZ2 und
PTGERA4, sowie Quantifizierung von zellularem PGE2 und dessen Metabolite 15-keto-
PGE> und 13,14-dihydro-15-keto-PGE2 mittels LC/ESI-MS/MS. Um die PGE2-Stimulation
mit der glomerularen Hyperfiltration zu verknupfen, wurde das Prostaglandinprofil in
isolierten Glomeruli und Plasma eines in vivo Hyperfiltrationsmodells mit Albuminurie, der
Munich Wistar Fromter Ratte (MWF), sowie die COX2, PTGERZ2 und PTGER4
Expression nach FFSS in hPC untersucht. Die PGE>-Stimulation bewirkte in hPC einen
EP2- und EP4-abhangigen Anstieg von cAMP, COX2 und zellularem PGE2. PTGER4
wurde durch PGE2-Stimulation vermindert. In der entsprechenden Lipidomanalyse der
Gewebe wurden erhohte PGE2 und 15-keto-PGE: Level in isolierten Glomeruli von MWF
im Vergleich zu Albuminurie-resistenten Kontrolltieren detektiert, was die Aktivierung des
Signalweges bei Hyperfiltration untermauert. COX2 und PTGER4 waren durch FFSS in
hPC hochreguliert. Diese Ergebnisse unterstitzen somit einen autokrinen/parakrinen
COX2/PGE: Signalweg in hPC mit gemeinsamen EP2 und EP4 Signalwegen. Die
Senkung eines erhohten Blutdrucks per se wird unabhangig vom pharmakologischen
Wirkmechanismus als nephroprotektiv angesehen. Betablocker spielen eine wesentliche

Rolle als Kombinationspartner bei der antihypertensiven Therapie, besonders flr
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Patienten mit kardialen Komorbiditaten, die oft mit CKD einhergehen. Eine Therapie mit
Betablockern wurde jedoch mit dem Auftreten einer Depression assoziiert, was ihren
Einsatz und die Adharenz in der klinischen Praxis beeintrachtigen konnte. In Studie 2
wurde daher mithilfe eines systematischen Reviews mit groen Datensatzen von
doppelblinden randomisierten kontrollierten Studien und Meta-Analysen untersucht, ob
Betablocker Depressionen verursachen. Depressionen kamen unter Betablocker
Therapie nicht haufiger vor als unter Placebo oder aktiven Kontrollen. Daher sollten
Bedenken hinsichtlich eines erhdohten Risikos fur Depression ihre Anwendung in der
klinischen Praxis nicht vermindern; dies gilt auch fur die Therapie bei Patienten mit CKD

oder einem erhohten CKD-Risiko.
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Manteltext / Synopsis

Parts of this work were previously published in (1) and (2).

1 Introduction

Hypertension is consistently responsible for the largest number of all-cause deaths
worldwide, accounting for >10 million deaths and 218 million disability-adjusted life years
in 2017 (3). Referring to office blood pressure (BP), hypertension is defined as systolic
BP (SBP) values of at least 140 mmHg and/or diastolic BP (DBP) values of at least
90 mmHg (4). As a modifiable risk factor, hypertension provokes cardiovascular
diseases, which are the leading cause of global disease burden (5), and hypertension
mediated organ damage affects multiple organs including the kidney (4, 6, 7). Persistent
intrarenal hypertension leads to a variety of structural and functional changes, e.g.
nephrosclerosis (6, 8). In 2018, hypertension was the most common primary cause of
end stage kidney disease (ESKD) after diabetes in the United States (US) (9). Chronic
kidney disease (CKD) is prevalent in approximately one-third of the hypertensive
population and among CKD patients, hypertension increases all-cause mortality as
compared to those without hypertension (10). Globally, kidney diseases ranked as the
10 leading cause of death in 2019 (11), and CKD being prevalent in 9.1% of the world’s
population ranked as the 12" leading cause of death in 2017 (12). CKD is defined as
abnormal kidney structure or function that persists >3 months, and is classified according
to cause, glomerular filtration rate (GFR) category, and albuminuria category (13). These
clinical markers of kidney disease further increase cardiovascular risk: (Micro-)
Albuminuria was independently associated with hypertension (14, 15), and predicted
cardiovascular morbidity, as well as cardiovascular and all-cause mortality among
hypertensive individuals (16-19), while reduction of albuminuria during antihypertensive
treatment decreased cardiovascular events (20, 21). Even in a general population without
preexisting cardiovascular disease, trace (10-20 mg/dL) and positive (=30 mg/dL)
proteinuria is associated with a gradual increase in the risk of stroke, myocardial
infarction, atrial fibrillation and heart failure, which was more pronounced in hypertensive
subjects (22). Moreover, the risk of death, cardiovascular events and hospitalization

increased inversely with estimated GFR (eGFR) (23). A rapid decline in eGFR was
4
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associated with higher risk for coronary heart disease and all-cause mortality (24), as well
as all-cause and cardiovascular mortality in elderly hypertensive individuals (25). CKD
was associated with an 8-10-fold increase of cardiovascular mortality, and is a risk
multiplier in patients with hypertension and diabetes (26). Moreover, the absolute risk for
death was potentiated by decreasing kidney function (27).Together, these data illustrate

that impaired kidney function contributes to a higher cardiovascular risk and mortality.

Hypertension induces changes in glomerular hemodynamics, resulting in increased
glomerular pressure, which causes elevated single nephron GFR (SNGFR) and thus
higher flow of ultrafiltrate in Bowman’s space, i.e. glomerular hyperfiltration (8, 28, 29). In
man, nephrosclerosis was associated with both increased SNGFR and a lower number
of nephrons (30). Glomerular hyperfiltration is also observed in rodent models with
reduced nephron numbers, e.g. due to nephrectomy (28, 29, 31, 32), or genetic
mechanisms (33). In this regard, the Munich Wistar Fromter rat (MWF) represents an
important CKD model due to an inherited nephron deficit which exhibits hypertension,
glomerular hyperfiltration and spontaneous progressive albuminuria (33, 34). Hence,

glomerular hyperfiltration is a major risk factor for the progression of CKD (32).

Podocytes, a glomerular cell type encasing the glomerular capillary with a network of
interdigitating foot processes, are particularly vulnerable to glomerular hyperfiltration (32,
35) due to their high degree of differentiation (36). Podocyte damage impairs the integrity
of the glomerular filtration barrier, which leads to albuminuria, glomerulosclerosis, and
alteration in GFR, thus promoting the gradual decline in renal function in CKD (8, 37, 38).
Understanding the pathomechanisms of podocyte injury is key to identify potential
therapeutic targets to protect against these maladaptive responses to glomerular
hyperfiltration. To investigate the impact of hyperfiltration on podocytes, fluid flow shear
stress (FFSS) has been established as a surrogate in vitro, mimicking the flow of
glomerular ultrafiltrate (35, 39-41). Previous studies support a pathophysiological role of
an activated prostaglandin E2 (PGE:) pathway (39), including upregulated COX2
(PTGS2, cyclooxygenase 2) and PTGER2 (prostaglandin E receptor 2, EP2) for the
development of albuminuria by increasing the permeability of the glomerular filtration
barrier (41). These results suggest, that PGE2 synthesis by COX2 (42, 43) and signaling
via prostaglandin E receptors (EP) may contribute to maladaptive responses to

hyperfiltration in podocytes. Interestingly, an autocrine/paracrine pathway between PGE:
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and COX2 was delineated previously in various cell types, indicating that PGE> leads to
upregulation of COX2, which might turn into increased synthesis of intracellular PGEx,
and induction of COX2 thereafter (44-47). In general, four different G-protein coupled
prostaglandin E receptors (EP1-4) exist in humans and rodents (reviewed in (48)), of
which EP2 and EP4 induce adenylate cyclase activity thereby increasing cyclic adenosine
monophosphate (CAMP) levels (reviewed in (49)). However, the expression of EP in
human podocytes (hPC) has not yet been determined. Several EP mediated mechanisms
can be considered to cause this mutual amplification, suggesting EP4 and the p38
mitogen-activated protein kinase (MAPK) signaling pathway in mouse podocytes (46),
and activation of the cAMP/proteinkinase A (PKA) pathway via EP2 in other cell types
(45, 47, 50). However, regarding FFSS induced damage, the PGE>-COX2-EP2 axis was
suggested as relevant mechanism for murine podocytes (39-41), but this has not been
demonstrated in hPC so far. Therefore, study1 aimed to investigate an
autocrine/paracrine PGE2/COX2 pathway in hPC and to clarify which EP contribute to this
crosstalk.

Another crucial point for renoprotection is BP control by antihypertensive treatment as
reduction of BP per se alleviates progression of kidney damage (51-55). In hypertensive
patients with CKD, renin—angiotensin system (RAS-) blockers build the foundation of
antihypertensive therapy due to their renoprotective effects (56-59). As such, they are
recommended as the backbone of the core-treatment strategy in the 2018 European
guidelines for the management of hypertension (4). In this strategy, their use in
combination with a calcium channel blocker (CCB) and/or a thiazide/thiazide-like diuretic
is recommended for BP control (4). Beta-blockers also belong to the first-line drugs and
can be used at any treatment step in specific clinical situations including primarily cardiac
indications, e.g. in patients with heart failure, angina, myocardial infarction, and
tachycardia, as well as in pregnant women or planning pregnancy (4). However, beta-
blockers play also an important role in CKD patients to achieve BP control. This is
particularly relevant when considering lower BP targets in CKD patients (13), although
the latter are controversial (60). Moreover, treatment with RAS-blockers, i.e. angiotensin
converting enzyme inhibitors (ACEi) or angiotensin |l receptor blockers (ARB), is often
accompanied by adverse events (AE), e.g. hyperkalemia or increase of serum creatinine,
which often requires dose reduction or even discontinuation as reviewed in (61, 62).

Cardiac comorbidities are widely prevalent in CKD patients, as e.g. shown in 2018 in the
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US, where heart failure was present in 39.1% of patients who had CKD stages 4-5 (vs.
6.6% in patients without CKD) (10). Furthermore, a steep decline in eGFR was associated
with a higher risk for coronary heart disease (24). Therefore, beta-blockers play an
indispensable role for pharmacotherapy in hypertensive CKD patients with and without
accompanying cardiac comorbidities. In 2018, among US patients 266 years with CKD
and heart failure, 77.2% received beta-blockers, whereas only 61.5% received
ACEi/ARB/angiotensin receptor neprilysin inhibitor (10). Beta-blockers form the fourth
most frequently prescribed drug class in the US (10) and among antihypertensive drugs
in Germany (63). In order to achieve efficacy, tolerability is key to attain optimal
adherence. Among other AE, psychiatric AE like depression have repeatedly been
documented in the context of beta-blocker use, as e.g. reviewed in (64, 65), as well as in
postmarketing surveillance systems of the European Medicines Agency (66), and the
Food and Drug Administration (67). Other investigators reported an increased use of
antidepressants during beta-blocker therapy (68, 69). As safety concerns may derogate
adherence, study 2 addressed the question whether beta-blocker use is associated with

an increased risk of psychiatric AE in a systematic review and meta-analyses (2).
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2 Methods

A detailed and complete description of methods is available in (1, 2). Methods described
in the following are those related to my contribution to the publications. Methods 2.1.1-
214 and 2.1.6-2.1.8 were published in “Cells”, and 2.2.1 was published in
“‘Hypertension”. Paragraph 2.1.5 describes a method which was elaborated after
publication.

21 Study1

2.1.1 hPC in Cell Culture

Conditionally immortalized hPC were obtained from Moin A. Saleem, University of Bristol,
UK, and were cultured according to the original protocol (70, 71) with slight modifications.
Briefly, hPC proliferated at 33 °C and 5% CO:2 in Roswell Park Memorial Institute (RPMI)-
1640 medium (cat. no. BS.F1215, Bio&SELL, Feucht/Nurnberg, Germany) supplemented
with 1% Insulin-Transferrin-Selenium 100X (cat. no. 41400-045, Gibco, Grand Island, NY,
USA), 10% fetal bovine serum (FBS, cat. no. F7524, Sigma, Steinheim, Germany) and
1% ZellShield® to inhibit contamination (cat. no. 13-0150, Minerva Biolabs, Berlin,
Germany). Medium was replaced 2-3 times per week. At confluency of 70-80%, hPC
were relocated to 37-38 °C until full confluence and proliferation arrest, after which cells
differentiated during at least 14 days. Differentiated phenotype was confirmed by
detection of the podocyte markers synaptopodin, nephrin, and podocin, according to (70,
71). After detachment with Trypsin 0.25%/EDTA 0.02% solution (cat. no. L-2163,
Biochrom, Berlin, Germany; EDTA, Ethylenediaminetetraacetic acid), hPC were seeded
in 12-well plates at 1 x 10° cells per well and kept in supplemented RPMI-1640 medium
to adhere overnight. All experiments were performed in supplement-free RPMI-1640
medium at 37-38 °C using cell passages between 5 and 22. If conducted in duplicate or
triplicate, independent experiments were performed on different dates using different cell

passages.

21.2 PGE: Treatment and Blockade of EP Receptors

Stock solutions of PGE:2 (cat. no. 14010, Cayman Chemical, Ann Arbor, MI, USA), the
selective EP2 antagonist PF-04418948 (cat. no. PZ0213, Sigma, Steinheim, Germany)
(72, 73), and the selective EP4 antagonist ONO-AE3-208 (cat. no. 14522, Cayman

8
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Chemical, Ann Arbor, MI, USA) (74, 75), containing 10 mM were prepared in DMSO (cat.
no. D2650, Sigma, Steinheim, Germany) and kept at —20 °C until further use.

Podocytes were stimulated with PGE> at concentrations ranging from 10 nM-1 pM, as up
to 1 yM are commonly administered to mouse podocytes in in vitro experiments (76, 77).
In inhibition experiments, PGE2 100 nM was concomitantly added to 1 uM of EP2 and/or
EP4 antagonists for the indicated time-points. The concentration of antagonists was
selected according to previous studies, in which equal or even higher concentrations were
applied (72, 75, 78-80). If not stated otherwise, experiments consisted of n = 3—8 samples
per treatment and were performed at least in duplicate as indicated in detail within figures

and figure legends (see below in the Results section).

2.1.3 Analysis of Intracellular cAMP

Intracellular cAMP levels were assessed by an ELISA kit (cat. no. ADI-901-163, Enzo Life
Sciences, Farmingdale, NY, USA) after lysis in 300—400 yL 0.1 M HCI containing 0.1%
Triton X-100, following the manufacturer's protocol of the non-acetylated format. For
optical density measurement at 415 nm within the standard range, samples of PGE>
stimulation were diluted 1:5, and samples of co-incubation with PGE: plus either the EP2
or the EP4 antagonist were diluted 1:2-3 in lysis buffer. In order to normalize intracellular
cAMP concentrations, the protein amount of each sample was determined by a
colorimetric kit (cat. no. 23227, Pierce™ BCA Protein Assay Kit, Thermo Fisher Scientific,
Rockford, IL, USA). Experiments consisted of n = 3—6 samples per treatment and were
performed once or in duplicate as indicated within figures and figure legends (see below

in the Results section).

2.1.4 Expression Analysis by Quantitative Real-Time PCR

Total RNA of hPC was isolated using the RNeasy® Micro Kit (cat. no. 74004, Qiagen,
Hilden, Germany), according to the manufacturer’s protocol, followed by a quality check,
i.e., determination of the 260/280 nm absorption ratio. Reverse transcription of total RNA
was accomplished using the First Strand cDNA Synthesis Kit (cat. no. K1612, Thermo
Fisher Scientific, Vilnius, Lithuania).

Quantitative Real-Time PCR (qPCR) was performed in a CFX96 Touch PCR system (Bio-
Rad, Munchen, Germany; software version 3.1.1517.0823) or in a 7500 Fast Real-Time
PCR System (Applied Biosystems, Darmstadt, Germany; software version 2.0.6) applying

9



Manteltext / Synopsis — Methods

the comparative quantitative cycle method with SYBR-green (cat. no. 4,385,612 and
100029284, Thermo Fisher Scientific, Vilnius, Lithuania) as reported previously (81, 82).
Each sample was analyzed in three technical replicates. Gene expression was
normalized to the reference gene glyceraldehyde 3-phosphate dehydrogenase (GAPDH),
and AACt was referred to the untreated controls. All results were visualized as log2 of
fold change (FC) (2*-AACt). Primers were ordered from Eurofins Genomics, Ebersberg,
Germany or Tib Molbiol, Berlin, Germany and had the sequences listed in Table 1.
Whenever possible, intron-spanning primers were selected, and specificity of amplified
products detected after reverse transcriptase (RT)-PCR was confirmed by sequencing at

Eurofins Genomics, Ebersberg, Germany.

Table 1. Primer sequences used for gene expression analysis in hPC as published in (1).

Gene Forward primer (5-3’) Reverse primer (5'-3’)
GAPDH gagtcaacggatttggtcgt gatctcgctcctggaagatg
cox2 tgatgattgcccgacteccttg tgaaagctggccctcgcttatg
PTGER1 ttcggcctccaccttctttg cgcagtaggatgtacacccaag
PTGER?2 gacggaccacctcattctcc tccgacaacagaggactgaac
PTGERS3 tctccgcetectgataatgatg atctttccaaatggtcgctc
PTGER4 ttactcattgccacctccct agtcaaaggacatcttctgcca
21.5 FFSS

After establishment of the FFSS system in the laboratory, first explorative results applying
this method were published in (1). These results based on a cell density of 1 x 10°-
6 x 10° cells, FFSS intensity of solely 2 dynes/cm?, and normalization of gene expression
data using the housekeeping gene GAPDH. After publication, the protocol was optimized
regarding cell density, FFSS intensity, and housekeeping genes for qPCR analysis.
Uniform cell densities were applied to allow for consistent conditions across independent
experiments. Moreover, it was noticed that the designated housekeeping gene GAPDH,
which was applied in the first analyses, significantly changed its expression upon FFSS,
rendering it to an inappropriate reference gene. To overcome this technical problem,
expression of multiple well-known housekeeping genes was determined, including actin
beta (ACTB), which was also used in (39-41), eukaryotic translation elongation factor 2
(EEF2), hypoxanthine phosphoribosyltransferase 1 (HPRTT), ribosomal RNA 18S,

10



Manteltext / Synopsis — Methods

ribosomal protein L32 (RPL32), hydroxymethylbilane synthase (HMBS), and TATA box-
binding protein (TBP). All of these also exhibited significant changes in expression after

FFSS, disabling these genes for housekeepers.

In compliance with other investigators (83), the geometric mean of the Ct-values of
TBP+HMBS was selected for normalization, as this normalization factor yielded no
significant difference between FFSS and control group. Finally, a refined shear force was
applied, according to previously published literature with estimates of 2—3 times higher
FFSS in unilaterally nephrectomized rodents, compared to 0.3 dynes/cm? FFSS in
healthy control animals (32, 35). To date, there are no robust assumptions about FFSS
levels in human glomeruli. Other investigators exposing podocytes to FFSS in vitro
applied 0.015-0.5 dynes/cm? and 2 dynes/cm? to a murine podocyte cell line,
respectively (35, 39), 1.5 dynes/cm? in combination with cyclic strain in primary mouse
podocytes (84), and 0.5—-2 dynes/cm? in primary hPC co-treated with retinoic acid (85).
Based on these data, and particularly assuming 0.6-0.9 dynes/cm? over podocytes in
unilaterally nephrectomized mice, a shear force of 1 dyne/cm? was selected as a valuable
addition to 2 dynes/cm? for the FFSS setting.

Together, optimized results based on a uniform cell density (3.5 x 10° cells per Culture
Slip®), FFSS of both 1 dyne/cm? and 2 dynes/cm?, and normalization to the geometric
mean of Ct-values of HMBS and TBP, whose primer sequences are listed in Table 2. The

following describes the optimized protocol:

For FFSS, 3.5 x 105 cells were seeded on collagen IV coated Culture Slips® (cat. no. CS-
C/IV, Dunn Labortechnik GmbH, Asbach, Germany) and adhered overnight. Culture
Slips® are collagen IV coated glass slides framed by a polytetrafluoroethylene border to
limit cell distribution to the area of the slip exposed to fluid flow. FFSS experiments were
conducted as previously described with minor modifications (39). Briefly, the Streamer®
Shear Stress Device (cat. no. STR-400, Dunn Labortechnik GmbH, Asbach, Germany)
was set up in a 38 °C incubator with 5% CO- and rinsed by 400 mL of PBS followed by
RPMI-1640 medium, which were pumped through the apparatus for approximately 10 min
each. Prior to each removal of fluid, flow was directed backwards to empty the tubes from
the previous liquid. Subsequently, rinsing medium was replaced by 400 mL of fresh pre-
warmed medium, and air bubbles and leaks were eliminated during forward flow. Next,

flow direction was again reverted until the streamer was half-filled by medium, and the
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system was released from the incubator. Culture Slips® with hPC were inserted into the
6 slots of the Streamer®, which had to be occupied completely to allow consistent flow.
After transferring the system back into the incubator, FFSS at 1 dyne/cm as well as
2 dynes/cm? was applied for 2 h, according to previous research, and assuming 0.6—
0.9 dynes/cm? over podocytes in unilaterally nephrectomized mice (32, 35, 39). At the
end of each experiment, flow direction was inversed, and cells were released from the
Streamer®. Control cells were kept under the same conditions but were not exposed to
FFSS.

Table 2. Primer sequences used for refined normalization of gene expression in hPC exposed to FFSS

(unpublished).

Gene Forward primer (5-3’) Reverse primer (5'-3’)
HMBS AATCATTGCTATGTCCACCAC TTCCCACCACACTCTTCTC
TBP TTCCACTCACAGACTCTCAC GCACACCATTTTCCCAGAAC

2.1.6 Lipidomic Analysis

PGE: and its downstream metabolites 15-keto-PGE2 and 13,14-dihydro-15-keto-PGE->
were quantified in hPC, as well as in glomeruli and plasma of rats. Cells were exposed to
PGE-: for 2 h as decribed above, with and without a concomitant inhibition of combined
EP2 and EP4 antagonists. Glomeruli and plasma of MWF and spontaneously
hypertensive rat (SHR) were obtained as described below. All samples were stored at
—-80 °C until analysis to minimize degradation of analytes. The lipidomic analysis was
performed by our collaborator Lipidomix GmbH, who established a refined protocol
including phospholipase A2 that also allowed for distinct prostaglandin analysis in small
sample amounts, i.e. hPC, as phospholipase A2 releases membranous prostaglandins
being then available for quantification. The detailed method of LC/ESI-MS/MS is
described in (1).

2.1.7 Experiments in Rat Models

MWEF served as a model for CKD with glomerular hyperfiltation and albuminuria, while
SHR was used as a control strain because it is resistant to albuminuria development

despite early onset of hypertension, as reviewed in (33).
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Male rats at 8 weeks of age were received from our MWF/Rkb (RRID:RGD_724569,
laboratory code Rkb https://www.nationalacademies.org/ilar/lab-code-database) and
SHR/Rkb (RRID:RGD_631696, laboratory code Rkb
https://www.nationalacademies.org/ilar/lab-code-database) colonies at Charité -
Universitatsmedizin Berlin, Germany, and were housed under standard conditions as
described previously (82). All experimental work in rat models was conducted following
the guidelines of the Charité — Universitatsmedizin Berlin and the local authority for animal
protection (Landesamt fur Gesundheit und Soziales, Berlin, Germany) for the use of
laboratory animals. The registration numbers for the rat experiments are T 0189/02,
G 130/16, and G 0309/19.

Rats were anesthetized by ketamine-xylazine (87 and 13 mg/kg body weight,
respectively), and kidneys were collected and decapsulated. Glomeruli were isolated by
sieving kidneys through a 125 ym steel sieve (Retsch GmbH, Haan, Germany) rinsed by
PBS, and were subsequently separated from the flow through on a 71 um steel sieve
(Retsch GmbH, Haan, Germany), on which glomeruli remained. After rinsing off the sieve
with PBS, glomeruli were centrifuged, snap-frozen, and stored at —80 °C until lipidomic
analysis. Plasma was collected in EDTA-containing vials by retrobulbary punction or

punction of vena cava, centrifuged 2 min at 4 °C, and stored subsequently at —-80 °C.

2.1.8 Statistical Analysis

Statistical analysis was performed in GraphPad Prism 8.4.0 (GraphPad Software, San
Diego, CA, USA). First, data was checked for normal distribution using the Shapiro—Wilk
test. The use of the subsequent statistical test depended on the number of comparisons
and was indicated in the figure legends. Normally distributed data were analyzed either
by unpaired, two-tailed Student’s t-test or one-way ANOVA with Tukey’s or Dunnett’s
multiple comparisons test. Not normally distributed data were compared by Mann—
Whitney test or Kruskal-Wallis test with Dunn’s multiple comparisons test. A p-value of
<0.05 was considered as statistically significant. Statistical details for a specific

experiment can be found within figures and figure legends shown in the Results part.

13



Manteltext / Synopsis — Methods

2.2 Study 2

Study 2 contained a systematic review and meta-analyses of psychiatric AE during beta-
blocker therapy, mainly performed by Dr. Thomas G. Riemer (2). Double-blind,
randomized controlled trials comparing beta-blocker to placebo, as well as active controls
(e.g. RAS-blockers) were analyzed. As the quality of a meta-analysis bases upon the
quality of its data sources, the risk of bias was assessed in each underlying study (in total
285 studies). | contributed to this quality assessment and reviewed studies comparing
beta-blocker to RAS-blockers (29 studies) as described below (2).

2.21 Quality Assessment

The quality of all incorporated studies was rated according to the Cochrane Risk of Bias
tool (86), which evaluates overall trial quality, but not AE-related bias. To specifically
assess possible sources of bias concerning measurement and reporting of AE, a
customized rating instrument designed by Dr. Thomas G. Riemer was employed to
disclose the quality of AE measuring and reporting in each study. This tool is shown in
Table 3.
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Table 3. Self-designed rating sheet for assessment of the quality of AE measuring and reporting, according
to Table S5in (2).

Item Response Next item

Q1 Does the study report AE? [1Yes
[1No

proceed with Q2)
proceed with Q9)

Q2  Does the study specify how AE were assessed? []Yes proceed with Q3)

—_~ o~ —_~ o~

1No proceed with Q4)
Q3 Were AE assessed actively or passively?* [1 activel
yorp y , y (proceed with R3)
[ passively

R3  Record the assessment method(s).

Q4  Does the study report baseline frequencies for 1Yes .
AE? INo (proceed with Q5)

Q5 Does the study report symptom severity grades [ Yes .
(proceed with Q6)

for AE? “INo
Q6  Does they study report all observed AE? OYes (proceed with Q9)
1 No (proceed with Q7)
Q7 Are there quantitative limitations to AE [1Yes (proceed with R7)
reporting?® “No (proceed with Q8)

R7  Record the type(s) of quantitative limitation(s). ®

Q8  Are there qualitative limitations to AE reporting?® 1 Yes (proceed with R8)
INo (proceed with Q9)
R8  Record the type(s) of qualitative limitation(s).’
Q9 Does the study report the number of patients [IYes (proceed with Q10)
withdrawn from therapy due to AE? “No (end rating)

Q10 Does the study report individual AE leading tothe Yes

withdrawal of therapy? “No (end rating)

*, Active assessment includes specific questions, structured interviews, symptom checklists, and
questionnaires; passive assessment includes general questions and spontaneous complaints. $,
Quantitative limitations regard any kind of frequency threshold/criterion applied when selecting the AE
to be reported, e.g. most common symptoms, symptoms occurring in 25%. §, Qualitative limitations
consider preselection processes that affect the number reported for individual AE, e.g. drug-related AE,
serious AE.
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3 Results

3.1 Study1

3.11 PGE: Causes an EP2- and EP4- Dependent Increase of cAMP in
Differentiated hPC

Time-dependent stimulation of hPC with 100 nM PGE: led to an immediate elevation of
intracellular cAMP levels observed after 1 min onward and retained at least until 40 min
(Figure 1A). In subsequent experiments, CAMP was analyzed after 20 min of PGE:
treatment, as intracellular cAMP remained comparably high until this incubation time
(Figure 1B). Analysis of EP expression on hPC disclosed the presence of PTGERT,
PTGERZ2, and PTGER4 mRNA in native differentiated hPC (Figure 1C), which correspond
to EP1, EP2, and EP4, respectively. As only EP2 and EP4 promote an increase in
intracellular cAMP (reviewed in (49)), the effect of concomitant pharmacological inhibition
of EP2 and/or EP4 signaling on PGE2-stimulated intracellular cAMP levels was analyzed
in hPC, using selective antagonists of EP2 (PF-04418948, 1 uM) and/or EP4 (ONO-AES3-
208, 1 uM) (Figure 1B). Concomitant to PGE: stimulation for 20 min, separate blockade
of either EP2 (-92.5%) or EP4 (-63.7%) resulted in a clear, albeit only partial reduction
of intracellular cAMP levels compared to stimulated hPC without antagonists. Complete
abrogation of the PGE2 induced intracellular cAMP increase was only achieved by
combined EP2 and EP4 antagonism (Figure 1B), suggesting that, in hPC, both EP2 and
EP4 may promote PGE2-dependent signaling.
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Figure 1. Intracellular cAMP upon PGE: stimulation, and concomitant inhibition of EP2 and/or EP4 in hPC
and PTGER (EP-receptor) expression in unstimulated hPC.

(A) Time-dependent increase of intracellular cAMP levels upon PGE:2 stimulation (100 nM, pink triangles),
as compared to controls (blue circles). Each data point represents the mean + SD of one experiment with
n =3-4 samples per time-point. (B) Increased intracellular cAMP levels by PGE: stimulation were
abrogated in part by concomitant treatment with either EP2 or EP4 antagonist, and completely abolished
by combination of both antagonists. Representative cAMP levels following stimulation with PGE2 100 nM
for 20 min without concomitant EP2 or EP4 antagonist (100 nM, pink triangles) compared to controls
without PGE:2 (pink circles), after co-incubation with either EP2 antagonist (PF-04418948, 1 uM, orange
triangles) or EP4 antagonist (ONO-AE3-208, 1 uM, blue triangles) compared to controls without PGE:2
(orange circles for EP2 antagonist, blue circles for EP4 antagonist), and co-incubation of PGE2 with both
antagonists simultaneously (1 uM each, black triangles) compared to controls without PGE:2 (black circles).
Each data point represents a single sample and plotted as mean + SD (horizontal lines) per treatment group
consisting of n = 6 samples. Experiments were done in duplicate, with each experiment containing n = 3—
6 replicates per experimental group, except for the separate EP4 inhibition, which was only performed once.
Statistics: *, p <0.01; $, p <0.05; n.s., not significant, assessed by the Mann—Whitney test. (C) PTGER1
(EP1), PTGER2 (EP2), and PTGER4 (EP4) mRNA is present in untreated differentiated hPC. Human
embryonic kidney cells HEK293 (HEK) served as a positive control where indicated. Figure 1A and 1B have

been previously published in (1) as Figures 1 and 2, Figure 1C is a modified version of Figure S3 in (1).

3.1.2 PGE: Increases COX2 Gene Expression via EP2 and EP4 Signaling in
Differentiated hPC

PGE: stimulation for 2 h induced a dose-dependent upregulation of COX2 mRNA
expression in hPC (Figure 2A). To scrutinize the role of EP2 and EP4 in PGE2>-dependent
COX2 upregulation, either the selective EP2 antagonist PF-04418948 (1 uM) or the
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selective EP4 antagonist ONO-AE3-208 (1 uM) were co-incubated with 100 nM PGE>
individually or in combination (Figure 2B). Upon PGE: stimulation, separate antagonism
of either EP2 or EP4 revealed an increase in COX2 mRNA, which was reduced compared
to non-antagonized PGEz-stimulated hPC (Figure 2B). This reduction was statistically
significant when EP2 was separately blocked (p<0.01) but not after separate EP4
inhibition (p=0.0504) as compared to PGE>-treated hPC without antagonists. Combined
EP2 and EP4 blockade completely abolished PGE2-mediated COX2 upregulation (Figure
2B), suggesting that PGE: signals via both EP2 and EP4 to modify COX2 levels in a
positive feedback loop.

3.1.3 Effects of PGE2 on PTGER2 and PTGER4 Gene Expression in Differentiated
hPC

Stimulation of hPC with increasing concentrations of PGE: for 2 h resulted in inconsistent
changes of PTGER2 mRNA expression: PGE2 100 nM reduced PTGERZ2 expression to
a small extent, but 10 nM and 1 uM did not significantly change PTGERZ2 expression
(Figure 2C). The weak downregulation of PTGERZ2 by 100 nM PGE2 remained
unchanged after co-incubation with the selective EP4 antagonist ONO-AE3-208 (1 uM)
(Figure 2D). Stimulation of hPC with PGE: for 2 h reduced PTGER4 mRNA expression
in a dose-dependent manner (Figure 2E). The downregulation of PTGER4 by 100 nM
PGE:2 remained unchanged after co-incubation with the selective EP2 antagonist PF-
04418948 (1 uM) (Figure 2F).
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Figure 2. COX2, PTGER2 and PTGER4 expression upon PGE: stimulation, and concomitant inhibition of
EP2 and/or EP4 in hPC.

gPCR results are shown as relative mRNA expression level normalized to GAPDH, and referred to
untreated control group. Each data point represents the mean of an independent experiment (performed at
least in duplicate, each experiment consisted of n 23 replicates per treatment), and plotted as combined
mean + SD (horizontal lines). SD was not plotted when only two independent experiments were conducted.
(A) Dose-dependent induction of COX2 gene expression by PGE2 (pink triangles) for 2 h compared to
untreated controls (blue circles). (B) Induction of COX2 by PGE: stimulation for 2 h was reduced in part by

concomitant treatment with either EP2 or EP4 antagonist, and completely abolished by combination of both
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antagonists. COX2 expression after treatment with PGE2 100 nM for 2 h without concomitant EP2 or EP4
antagonist (100 nM, pink triangles) compared to controls without PGE:2 (pink circles), after co-incubation
with either EP2 antagonist (PF-04418948, 1 uM, orange triangles) or EP4 antagonist (ONO-AE3-208, 1 uM,
blue triangles) compared to controls without PGE: (orange circles for EP2 antagonist, blue circles for EP4
antagonist), and co-incubation of PGE2 with both antagonists simultaneously (1 uM each, black triangles)
compared to controls without PGE2 (black circles). (C) PTGERZ2 levels following PGE:2 stimulation as
explained in (A). (D) Downregulation of PTGER2 upon PGE: stimulation was not alleviated by concomitant
EP4 antagonist. Colors, symbols and concentrations are explained in (B). (E) PTGER4 levels following
PGE: stimulation as explained in (A). (F) Downregulation of PTGER4 upon PGE: stimulation was not
changed by concomitant EP2 antagonist. Colors, symbols and concentrations are explained in (B).
Statistics: *, p <0.01; $, p <0.05; n.s., not significant, assessed by (A, C) one-way ANOVA with Dunnett’s
follow-up test; (B, F) two-tailed Student’s t-test; (D) the Mann—Whitney test; and (E) a Kruskal-Wallis test

with Dunn’s multiple comparisons test. Figure 2 has been previously published in (1) as Figures 3 and 4.

3.1.4 Cellular Levels of PGE: and its Metabolites in hPC after PGE. Stimulation:
Effects of Pharmacological EP2 and EP4 Blockade

In order to elucidate whether PGE: stimulation and subsequent COX2 induction result in
alterations of cellular PGE: and its downstream metabolites 15-keto-PGE2 and 13,14-
dihydro-15-keto-PGE>, hPC were analyzed by liquid chromatography electrospray
ionization tandem mass spectrometry (LC/ESI-MS/MS). After stimulation with PGE:
100 nM, the cellular PGEx-level was increased (Figure 3A), while 15-keto-PGE> and
13,14-dihydro-15-keto-PGE2 remained at control levels. Pharmacological inhibition of
EP2 and EP4 decreased cellular PGE: significantly (Figure 3B). These results suggest
an autocrine PGE2-EP2/EP4-COX2 signaling axis in hPC.

3.1.5 PGE: and its Metabolites in Glomeruli and Plasma in the CKD MWF Model

In the rat model of glomerular hyperfiltration, i.e. MWEF, lipidomic analysis of PGE2 and its
downstream metabolites 15-keto-PGE: and 13,14-dihydro-15-keto-PGE: in glomeruli and
plasma revealed an increase of glomerular PGE2 and 15-keto-PGE: levels in 8 week old
MWEF compared to SHR (Figure 3C). No difference was observed for glomerular 13,14-
dihydro-15-keto-PGE: (Figure 3C), and plasma levels of PGE2 and 13,14-dihydro-15-
keto-PGE:> (Figure 3D), respectively, whereas the metabolite 15-keto-PGE> was below

limit of detection in plasma (data not shown).
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Figure 3. PGE:2 and its metabolites were quantified by LC/ESI-MS/MS in hPC, and in rat glomeruli and
plasma.

(A) Levels of cellular PGE2 (pink), 15-keto-PGE:2 (green), and 13,14-dihydro-15-keto-PGE: (blue) were
determined in hPC after PGE: stimulation for 2 h (100 nM, triangles) and in untreated controls (circles).
PGE: levels were elevated in PGEz-stimulated cells (pink triangles) vs. controls (pink circles). Each
datapoint represents the mean of an independent experiment (performed in triplicate, each experiment
consisted of n = 3-6 replicates per treatment) and plotted as combined mean + SD (horizontal lines). (B)
Increased cellular PGE: levels in hPC induced by PGE: stimulation (pink triangles) were abolished by
simultaneous co-incubation with combined EP2 and EP4 antagonism (PF-04418948 and ONO-AE3-208,
respectively, 1 uM each, black triangles). Each datapoint represents a single sample and plotted as mean
+ SD (horizontal lines) per treatment group consisting of n = 6 replicates obtained in a single experiment.
(C — D) Levels of PGE2 (pink), 15-keto-PGE:2 (green) and 13,14-dihydro-15-keto-PGE: (blue) in MWF
(triangles) and SHR (circles) at 8 weeks of age. Each data point represents a single animal and plotted as
mean * SD (horizontal lines) per rat strain consisting of n =8 animals, each. (C) Glomerular PGEz and 15-
keto-PGE: levels were increased in MWF compared to SHR, whereas glomerular 13,14-dihydro-15-keto-
PGE: did not differ between both strains. (D) In plasma, detectable levels did not differ between both strains.
Statistics: *, p <0.01; n.s., not significant, assessed by (A — C) a two-tailed Student’s t-test, or by (D) the
Mann—Whitney test. (C) #, p <0.01, assessed by the Mann—-Whitney test. Figure 3 has been previously
published in (1) as Figures 5 b, ¢ and 6 (with modification).

3.1.6 FFSS Increases COX2 and PTGER4 Gene Expression in hPC

Due to refinement of the FFSS protocol, novel results are presented in the following.
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FFSS was previously shown to increase intracellular PGE: levels and COX2 in murine
podocytes (39, 41). Correspondingly, FFSS 1 dyne/cm? revealed upregulated COX2
mMRNA expression in hPC, but results were inconsistent after 2 dynes/cm? (Figure 4A).
Conversely to previous data in murine podocytes (40, 41), downregulation of PTGERZ2
upon FFSS 1 dyne/cm? was observed in hPC, which was not consistent after 2 dynes/cm?
(Figure 4B), whereas PTGER4 expression was upregulated upon both FFSS conditions,

as compared to controls (Figure 4C).
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Figure 4. Gene expression of COX2, PTGER2, and PTGER4 subjected to FFSS 1 dyne/cm? and
2 dynes/cm? (pink squares) for 2 h in hPC.

gPCR results are shown as relative mRNA expression level normalized to the geometric mean of HMBS
and TBP and referred to control group (blue circles). (A) COX2 was upregulated after FFSS 1 dyne/cm?,
but this effect was not consistent after 2 dynes/cm?. (B) PTGERZ2 was downregulated to a small extend by
FFSS 1 dyne/cm?, but this effect was not consistent after 2 dynes/cm?. (C) PTGER4 was upregulated after
FFSS. Each datapoint represents the mean of an independent experiment (performed at least in duplicate,
each experiment consisted of n = 3-6 replicates per treatment) and plotted as combined mean * SD
(horizontal lines). (A — C) Statistics: *, p <0.01; $, p <0.05, assessed by a two-tailed Student’s t-test.
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3.2 Study 2

In total, 285 studies were included in the systematic review, enclosing 53,533 patients
exposed to 24 different beta-blockers. Treatment with beta-blocker was compared to
placebo in 73 studies, against an active antihypertensive substance in 200 studies and

against both active and placebo treatment in 12 studies.

According to the Cochrane Risk of Bias tool (86), the risk of bias was examined to be
high, e.g. due to selective reporting, arguable blinding of outcome assessment, and
incomplete outcome data. For example, blinding of outcome assessment failed in trials
comparing beta-blockers to ACEi, when heart rate was measured, as this parameter
would only decrease during beta-blocker treatment. Application of the self-designed
rating tool revealed overall a low quality of AE reporting: Only 127 studies reported AE
assessment methodology, only 108 studies reported all observed AE, and only 53 studies
reported active AE assessment. Among the >30 reported psychiatric AE, depression was
most frequently reported, with 1,600 cases out of 26,832 exposed patients, and 47 cases
leading to withdrawal out of 13,225 exposed patients. Meta-analytic comparison detected
no significant differences in the risk for depression during beta-blocker therapy as
compared to placebo (odds ratio, 1.02 [CI, 0.83-1.25]; p = 0.88), which held also true for
withdrawal due to depression as reported in 9 studies (odds ratio, 0.97 [Cl, 0.51-1.84];
p=0.91), and in subgroup analyses. Comparison to active drugs also yielded no
significant effect on the frequency of depression or withdrawals for depression with beta-
blockers. Secondary endpoint analysis indicated possibly higher risk for insomnia,
unusual dreams, and sleep disturbance, but risk for anxiety might be alleviated by beta-
blocker therapy. Fatigue/tiredness, which was used as a positive control symptom for
beta-blocker therapy, occurred more often during beta-blocker therapy than in placebo or

active controls and led to more withdrawals than placebo.
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4 Discussion

41 Study1

Study 1 demonstrated the presence of an autocrine/paracrine pathway between COX2
and PGE: in hPC, which is mediated by EP2 and EP4. The association between PGE>-
elevation and albuminuria due to podocyte damage was further substantiated in a rodent
model of glomerular hyperfiltration, i.e. MWF, in which increased glomerular PGE: and
15-keto-PGE: levels were detected. Understanding prostaglandin signaling in hPC during
hyperfiltration may contribute to identifying novel target pathways to prevent maladaptive
responses evolving to or aggravating CKD. This is of particular importance, as early

detection and treatment of CKD can slow down or prevent ESKD (26).

In human, podocytes comprise 27.7% of glomerular volume, but podocyte number
decreases with age or hypertension, leading to compensatory podocyte hypertrophy,
which is considered as an early event in glomerulosclerosis (87). The number of
functional nephrons seems to be pivotal for glomerular hyperfiltration and further kidney
damage. In a population at high risk for renal failure, a lower number of nephrons was
observed (88). Furthermore, nephron number declines with age (30), and a nephron
deficit was associated with nephrosclerosis and elevated SNGFR (30), as well as
hypertension (88). At present, novel treatment options are investigated for the treatment
of CKD, including those that directly target podocytes (89), as well as those that
presumably lower intraglomerular pressure (90-92), i.e. sodium-glucose cotransporter 2
(SGLT2) inhibitors (93, 94). Yet, treatment with the SGLT2-inhibitor dapagliflozin had no
effect on urinary PGE2 and metabolites (90, 91).

41.1 COX2-PGE: Axis in Glomerular Hyperfiltration

Previous studies in mouse models of hyperfiltration suggested a pathophysiological
impact of autocrine/paracrine COX2/PGE> activation on podocyte damage, thus
contributing to impairment of the glomerular filtration barrier and the development of
albuminuria (39-41). Accordingly, induction of Cox2 associated with podocyte damage,
while inhibition of COX2 restored podocyte cytoskeleton in vitro (39), and reduced
proteinuria in animal models of CKD (95, 96), as well as in patients (reviewed in (97)).
Recently, elevated urinary PGE2 was suggested as an early biomarker of hyperfiltration

preceding overt microalbuminuria (98). In urinary samples from children with solitary
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functioning kidney and hyperfiltration due to their lower nephron numbers as compared
to control children, albumin and PGE> were clearly elevated (98). The authors conclude
that PGE: is a potential biomarker for early stages of adaptive hyperfiltration (98), which

is in agreement with the herein presented hypothesis.

41.2 PGE: Signaling

To shed light on PGE: signaling in hPC, EP1, -2 and -4 expression was detected, as well
as increased intracellular cAMP levels upon treatment with PGEo. In line with stimulation
of adenylate cyclase activity via both EP2 and EP4 (reviewed in (49)), the PGE:-
stimulated intracellular cAMP increase in hPC was only completely abolished by
combined EP2 and EP4 antagonism. Similarly, a dose-dependent upregulation of COX2
mMmRNA was detected upon PGE: stimulation, which was only completely alleviated by
dual blockade of EP2 and EP4. Modulation of COX2 gene expression by PGE2 was
previously linked to multiple intracellular signaling pathways involving EP2 and EP4 in
human cells (99, 100). The cAMP-PKA pathway was described to be involved in vitro
upon PGE: stimulation of mouse podocytes (77) and upon FFSS in osteocytes (101, 102).
Yet, this was not seen in murine podocytes after FFSS, potentially due to late assessment
of CAMP levels (at the earliest 2 h after applying FFSS) (77). PGE: stimulation of EP2
and EP4 was disclosed to induce cAMP response element-binding protein (CREB) in
human cells, which was shown to be PKA-dependent for EP2, whereas EP4-coupled
phosphatidylinositol 3-kinase signaling could counteract CREB formation (45, 103, 104).
Importantly, transcription of COX2 can be regulated by CREB, as CRE is part of the COX2
promotor (45, 105, 106). Thus, following intracellular cAMP level elevation, subsequent
PKA/CREB activation could mediate the increase in COX2 expression in hPC, but this

requires further investigation.

41.3 Impact of FFSS

Along with mimicking hyperfiltration by treatment with PGE2, gene expression of the
PGE2/COX2-axis in hPC was quantified after FFSS, i.e. an experimental approach
imitating intensified flow of the ultrafiltrate in Bowman'’s space. FFSS of 2 dynes/cm? was
previously shown to increase intracellular PGE> levels and COX2, as well as EP2 in
murine podocytes, whereas EP4 remained unchanged (39-41). In hPC, FFSS 1 dyne/cm?
increased COX2 and downregulated PTGERZ2, but results were inconsistent after
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2 dynes/cm?. Conversely to previous findings, upregulated PTGER4 expression was
observed in hPC upon both FFSS conditions, as compared to control. These diverging
results may be attributed to species differences and to the shear force applied. In parallel
to the FFSS results in hPC, murine podocytes delineated increases of Ptger4 and Cox2
after stretch as compared to nonstretched controls (107), and glomerular COX2 was
increased in subtotally nephrectomized rats, in which hyperfiltration is postulated due to
nephron loss (95, 108). The data added novel evidence to the role of PGE2/COX2 axis in
hPC during FFSS. Some signaling pathways involved in mechanotransduction in mouse
podocytes have already been identified (40, 41, 77), but the pathways responsible for
FFSS signaling in hPC remain to be elucidated.

Generally, the use of cell lines in vitro might not directly represent cellular mechanisms in
vivo. Isolation of primary podocytes might circumvent a general issue of podocyte cell
lines, i.e. dedifferentiation, which is sometimes observed in stiff 2 dimensional cell culture
(85, 109-111). Nevertheless, cultured podocytes are still an indispensable resource to
dissect some of the primary, cell physiological mechanisms in vitro (109), and novel
approaches to obtain primary podocytes can complement this knowledge, e.g. in human
(85, 111).

41.4 Lipidomic Analysis and MWF model

Besides cAMP and COX2, PGE: stimulation of hPC also increased cellular PGE>, which
was abrogated by combined EP2- and EP4-antagonism. This strengthens the hypothesis
of the autocrine/paracrine mechanism, i.e. extracellular PGE> induces EP2 and EP4
signaling, thus increasing COX2 expression, whose induction leads to higher cellular
PGE: levels in turn, as COX2 represents the rate-limiting step of PGE2 synthesis
(reviewed in (112)).

Of note, our group identified prostaglandin reductase 2 (Ptgr2) as a potential candidate
gene for the development of albuminuria in the MWF model, which represents a genetic
nondiabetic CKD model with glomerular hyperfiltration due to an inherited nephron deficit
as reviewed in (33, 34, 113). Male MWF are characterized by increased SNGFR (34,
114), and develop mild arterial hypertension, spontaneous progressive albuminuria
between weeks 4 and 8 after birth, podocyte foot process effacement, i.e. a simplification

of podocyte’s sophisticated ultrastructure (115), and subsequently glomerulosclerosis
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(33, 116). Thus, after congenic substitution of a quantitative trait locus on rat chromosome
6 containing Ptgr2, with albuminuria-resistant SHR (113, 117), albuminuria decreased in
MWEF (82). PTGR2 acts in the downstream metabolism of PGE:2 (118), which again links
to the hypothesis of an activated PGE2-pathway during hyperfiltration. Correspondingly,
the prostaglandin profile in glomeruli and plasma of MWF was compared to SHR. The
detected elevation of both PGE> and 15-keto-PGE: in isolated glomeruli of MWF support
the notion that this pathway is activated in glomerular hyperfiltration. In contrast to
glomeruli, the prostaglandin profile in plasma did not differ significantly between MWF
and SHR, and could not be assessed completely due to dilution below detection limit.
Thus, analysis of glomeruli seems to offer a deeper insight into podocyte prostaglandin
profile. However, as glomeruli consist of different cell types, i.e. glomerular endothelial
cells, mesangial cells and podocytes, direct conclusions on podocyte pathophysiology

cannot be safely drawn.

4.1.5 Summary of Study 1

Collectively, it was shown that an autocrine/paracrine pathway between COX2 and PGE>
exists in hPC, and is promoted by both EP2 and EP4. This is of particular interest, as an
activation of the PGE> axis in MWF was reported, which is in line with previous findings
in in vivo models of glomerular hyperfiltration (40, 41, 119). Elucidating the pathological
mechanisms in podocytes might help to identify novel targets for preventing development
or progression of albuminuria and CKD. Prevention, early detection and treatment of CKD
is key to alleviate the burden of ESKD (120), and is of urgent need as CKD is currently
the 12" leading cause of death worldwide (12), and projected to be among the top 5 by
2040 (121).

4.2 Study 2

421 Beta-blockers and Renoprotection in Human

Likewise, counteracting hypertension mediated kidney damage by appropriate
antihypertensive therapy is crucial to reduce the burden of CKD. It is widely accepted that
BP lowering per se is renoprotective (4). Irrespective of the applied treatment, a reduction
in BP had renoprotective effects in proteinuric (51-53), as well as in diabetic patients (55,
122, 123).

27



Manteltext / Synopsis — Discussion

An early study in nondiabetic individuals with impaired renal function suggested that BP
reduction lowered intraglomerular pressure and thereby contributed to renoprotection,
regardless of interference with RAS, based on similar renal hemodynamic responses by
the ACEi enalapril and the beta-blocker atenolol, i.e. an initial fall of GFR, filtration fraction
and the slope of GFR within 4 years (54). However, this study was underpowered to
identify a difference between treatment regimens (54), and the superiority of RAS-
blockers in terms of renoprotection in comparison to other antihypertensive drugs was
demonstrated many times (56, 57, 124). In hypertensive patients with CKD, RAS-
blockade was more beneficial to mitigate kidney outcomes than e.g. beta-blocker therapy
(125). A network meta-analysis comparing RAS-blockers to placebo or active controls
depicted decreased risk for kidney failure under RAS-blockade, whereas the active
comparators did not show evidence of a significant protective effect on kidney failure
(126).

The putative benefit of beta-blockers in delaying CKD progression was discussed
controversially. An early study on patients with diabetic nephropathy, atenolol failed to
slow renal disease progression, as compared to CCBs and the ACEi lisinopril (127), and
corroborated a previous study, where beta-blockers were inferior to enalapril in
hypertensive, nondiabetic CKD patients with regard to the cumulative renal survival rate
and the slope of the reciprocal serum creatinine concentration (128). A meta-analysis of
various populations demonstrated that beta-blockers were less efficacious for the
prevention of renal failure and major cardiovascular disease events, relative to other

antihypertensive first-line drugs (129).

Some data supported, however, a renoprotective potential of beta-blocker therapy, as
they provided evidence for a modification of renal hemodynamics, glomerular filtration, or
renal oxygenation under treatment. In patients with uncomplicated hypertension, one-
year treatment with the beta-blocker bisoprolol did not change GFR and renal plasma
flow, but significantly reduced the filtration fraction as compared to baseline, which was
similar to treatment with the ARB losartan (130). Magnetic resonance imaging revealed
improved renal tissue oxygenation under beta-blocker therapy, suggesting that
decreased renal oxygen consumption potentially prevents the progression of renal
dysfunction (131). Of note, CCBs or diuretics had no association, and RAS-blockers were

even associated with reduced medullary oxygenation (131). However, in another study,
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no significant differences in renal oxygenation and GFR decline were detected between
CKD patients treated with the beta-blocker metoprolol vs. the CCB amlodipine and/or
RAS-blocker (132).

In general, elevated sympathetic nerve activity causes hypertension and kidney disease,
as noradrenaline regulates renin release, renal vascular resistance, as well as sodium
and water handling (133, 134). By promoting hypertension and fluid retention, an
increased sympathetic tone could potentially stimulate glomerular hyperfiltration.
Moreover, renal sympathetic nerve activity is increased in hypertension and thus critical
for the perpetuation of hypertension and the development of hypertensive kidney disease
(133, 134). Correspondingly, inhibition of sympathetic activity can attenuate hypertensive
kidney disease (133, 135). In case of hypertension or deteriorated kidney function, renal
sympathetic nerve activity further aggravates cardiovascular and renal disorders by fluid
retention, reduction of renal blood flow and GFR, and renin release (133). Of note, beta-
blockers were also shown to suppress renin secretion, angiotensin Il and aldosterone,

and can therefore be considered as weak inhibitors of RAS (136).

A large study in CKD patients comparing different antihypertensive drugs (including beta-
blockers) on top of a baseline CCB disclosed comparable efficacy in preventing
cardiovascular events and preserving eGFR (137). Equal efficacy was also reported for
atenolol and the ACEi captopril in the prevention of renal outcomes (i.e. progression of
albuminuria, plasma creatinine concentrations or in the proportion of patients with
doubling of baseline creatinine concentration) after long-term treatment in diabetic
hypertensive patients (55). Metoprolol significantly reduced microalbuminuria as
compared to baseline in mild-to-moderate essential arterial hypertension with normal
GFR (51), but was inferior to another beta-blocker, carvedilol, in preventing the
progression of microalbuminuria in diabetic hypertensive individuals receiving RAS-
blockade (138). Albeit less efficacious than the ACEi ramipril in reducing composite
kidney outcomes, metoprolol treatment significantly lowered the risk for ESKD or death,
ESKD alone, as well as kidney outcomes in subjects with elevated baseline proteinuria,
and attenuated GFR decline in patients with lower baseline GFR, as compared to
amlodipine in African Americans with hypertensive renal disease (125). Interestingly,
amlodipine belongs to the group of CCBs targeting L-type channels, whose

renoprotective effect was recently questioned, as they failed to reduce or even
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aggravated baseline proteinuria in hypertensive patients (139, 140). Mathematical
modeling supported clinical evidence that L-type CCBs potentiate glomerular
hypertension during CKD by dilating glomerular afferent arterioles, resulting in a decline
of functional nephrons and hyperfiltration (i.e. elevated SNGFR) (141). In contrast to RAS-
blockers or beta-blockers, the use of CCBs was furthermore associated with mortality in
patients with CKD in a retrospective cohort study (142). In light of potential renoprotective
effects of beta-blockers and possible deleterious effects of L-type CCBs in CKD patients,
beta-blockers can be reconsidered as valuable options to complement RAS-blockers for

antihypertensive therapy in these patients.

4.2.2 Beta-blockers and Intensified BP Control in CKD Patients: Cardiovascular
Outcomes and Mortality

With respect of cardiovascular outcomes and mortality, beta-blockers were shown to be
not inferior to other antihypertensive regimens in CKD patients. In subjects without known
cardiovascular disease and incident ESKD, beta-blockers, RAS-blockers, and dual
combination of both significantly reduced mortality rates as compared to matched controls
without antihypertensive treatment (143). In a meta-analysis of randomized controlled
trials, SBP reduction decreased risk of major cardiovascular events in patients with and
without CKD (cutoff at eGFR <60 mL/min per 1.73 m?), and there were no differential
effects between drug regimens, e.g. comparing diuretics/beta-blocker vs. ACEi, or CCB,
respectively (144). In African Americans with hypertensive renal disease, there were no
significant differences in all-cause mortality or cardiovascular mortality between
metoprolol, ramipril, or amlodipine treatment (125). Interestingly, in patients with ESKD
receiving hemodialysis, bisoprolol was associated with lower all-cause mortality and a
lower risk of major adverse cardiovascular events after 2 years in comparison to

carvedilol, mainly attributed to reduced heart failure and ischemic stroke risk (145).

Moreover, large randomized trials and meta-analyses indicated that an intensified BP
control (i.e. targeting lower BP levels) in CKD patients reduced cardiovascular and/or all-
cause mortality relative to a usual BP control (146-148), but had no protective effects on
kidney outcomes (147, 149-152). A meta-analysis demonstrated that every 10 mmHg
reduction in SBP resulted in decreased risks of cardiovascular events (e.g. heart failure
and stroke) and all-cause mortality in various populations of patients, but there was no

significant effect on the risk of renal failure (129). Nevertheless, albeit smaller than in
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patients without CKD, individuals with CKD also disclosed risk reduction for major
cardiovascular disease events, and regarding their higher absolute risks, marked
absolute benefits from BP reduction could be achieved (129). Other analyses including
long-term follow-up periods in hypertensive CKD patients provided evidence that
intensive BP reduction indeed might attenuate the progression of CKD (153-155),
especially in patients with higher baseline proteinuria (52, 147, 149, 154, 156). This is
reflected in the current Kidney Disease: Improving Global Outcomes (KDIGO) guideline
for BP management in patients with CKD, which recommends a target SBP of
<120 mmHg, when tolerated, for most adult patients with CKD not receiving dialysis (13).
This lower BP target is, however, more strict than recommended by the 2018 European
guidelines for hypertension management that recommend a SBP target of 130-
139 mmHg for hypertensive CKD patients (4) and has been criticized (60).

Recent studies indicated that beta-blocker use was associated with reduced mortality in
subjects with CKD and heart failure (157-159). Together, beta-blockers play a
fundamental role in antihypertensive therapy for patients with cardiac comorbidities, as
well as for CKD patients, and can be a valuable contributor to antihypertensive
combinations to achieve appropriate BP reductions and concomitantly minimize AE.
Real-world data demonstrated that CKD patients receiving antihypertensive combinations
with beta-blockers plus diuretics were more likely to have controlled BP compared to other
prescribed combinations (160).

4.2.3 Non-Adherence to Antihypertensive Therapy

Safety concerns and side effects of antihypertensive drugs including beta-blockers could
negatively influence patients’ adherence, thus leading to suboptimal BP control and
accelerated kidney damage. In a recent survey, >90% of participating healthcare
professionals agreed that patients’ concerns about antihypertensive medication influence
their adherence (161). A cross-sectional study among hypertensive patients reported a
non-adherence rate of 37.7% (162), which is in line with 30-50% of non-adherence
reviewed in (163). The prevalence of non-adherence to antihypertensive medication
ranged from 24.1% in The Netherlands to 70.3% in Hungary (Germany: 33.2%) in self-
reporting Europeans (164), and 25% when detected by urinary LC-MS/MS analysis (165).
In treatment-resistant hypertension, non-adherence was detected in 55% of patients

(166). Cohort studies indicated that following diagnosis of hypertension, 51.4% of patients
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had low adherence to antihypertensive therapy after 6 months (167). Accordingly, a
longitudinal study reported that approximately half of the patients stopped their
antihypertensive medication within 1 year, although it was supposed to be used
indefinitely long (168).

Non-adherence to antihypertensive drugs increased with time, as seen by discontinuation
rates being 33%, 41%, 50% of newly-treated hypertensive patients after 6 months,
1 year, and 5 years after initial treatment, respectively (169). Of older adults, 14.3%
delineated low adherence of antihypertensive medication at baseline, and over 2 years
follow-up, the annual decline in adherence was estimated to be 4.3% (170). Of note,
depressive symptoms were associated with a decline in adherence (170), and initial beta-
blockers were associated with increased discontinuation (169). Other studies indicated
that adherence with beta-blockers decreased over time and was between 30-40% after
6 months, almost 30% after 1 year (171), and <50% after 3 years in various patient
populations (172, 173). Depending on whether the patient was discharged on beta-
blockers or not following hospitalization for acute myocardial infarction, adherence for

beta-blockers was 61% or only 12% after 1 year (174).

4.2.4 Depression and Hypertension

An early study on psychiatric outpatients reported a three-fold higher rate of diagnosed
major depression in hypertensive patients than in non-hypertensives (175).
Consequently, a meta-analysis summarized that depression is prevalent among 26.8%

of hypertensive patients (176).

Potential pathophysiological mechanisms accounting for the high prevalence of
depression among hypertensive patients include a dysregulation of the noradrenergic
system (177), genetic predisposition (178), and increased activation of the sympathetic
nervous system (179). Depressed patients delineated increased heart rates as compared
to non-depressed controls (180-182), and plasma levels of noradrenaline were increased
in patients with depression and related disorders (180, 183-187). Veith and coworkers
suggested an increased activity of the sympathetic nervous system in major depression,
as plasma levels of noradrenaline, heart rates and noradrenaline appearance in (extra-)
vascular compartments were higher in depressed patients than in controls, whereas

noradrenaline clearance from plasma was unchanged (187). A series of cardiovascular
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tests indicated that sympathetic reactivity was higher, whereas parasympathetic reactivity

was lower in patients with depression than in healthy controls (188).

4.2.5 Beta-blockers and Depression

In a machine learning model, exposure to non-selective beta-blockers was the strongest
predictor of major depressive disorders in patients with cardiovascular disease (189).
With regard to the discrepancy to the current literature suggesting that beta-blockers do
not cause depression, the authors assume that the impact of non-selective beta-blockers
could be diluted in those studies, which reflect a broad mixture of various types of beta-
blockers (189). A prospective cohort study provided evidence that beta-blockers in
general, as well as beta-blockers with serotonergic receptor affinity did not bear an
increased risk of depression (190). In contrast, lipophilic beta-blockers, as well as non-
selective beta-blockers were associated with a higher risk of depressive symptoms within
3 months after treatment start, possibly due to a strong effect of propranolol belonging to
both groups (190). A cross-sectional study in elderly patients reported that beta-blocker
use was associated with increased prevalence of depressive symptoms, which was also
valid in various subgroups, as compared to other antihypertensive drug classes and non-
medicated controls (191). In a secondary analysis, this positive association was more
pronounced with lipophilic and non-selective beta-blockers than with hydrophilic and
selective beta-blockers, respectively, and there was higher prevalence of depressive
symptoms associated with metoprolol (significant), and propranolol and atenolol (trend)
(191). Likewise, elderly hypertensive patients using a lipophilic beta-blocker were more
likely to have elevated depression scores than those who did not use a lipophilic beta-
blocker (192). Nevertheless, atenolol-based antihypertensive treatment strategy was
associated with more severe depressive symptoms than a verapamil-based (CCB)
strategy (193). Consistent with these findings, other investigators reported increased
prescribing of antidepressants following and during beta-blocker therapy (68, 69), and
particularly show that the lipophilic beta-blocker propranolol is associated with a higher
relative risk of concurrent antidepressant prescription (69). Overall, prescription of
antidepressants was more prevalent in subjects receiving lipophilic beta-blockers than
hydrophilic beta-blockers, but this difference was mainly related to propranolol (69). A
meta-analysis also indicated that propranolol produces a depressed mood (194).
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Several potential mechanisms have been described to account for the possible
association of beta-blockers and depression. One possible reason for beta-blockers — at
least for the lipophilic agents — to cause central nervous system related AE was linked to
their distribution in the brain: lipophilic beta-blockers such as propranolol were distributed
to a higher degree in the brain than hydrophilic agents, e.g. atenolol (195). Consequently,
lipophilic beta-blockers were significantly more likely to provoke central nervous system
AE as compared to the hydrophilic beta-blocker atenolol (196, 197). Other investigators
speculated that beta-blockers interfere with noradrenergic neurotransmitter function in
the brain, and therefore cause depression (68). Furthermore, propranolol and atenolol
have been reported to decrease nocturnal production of melatonin, which could account

for sleep disturbances (198), and further promote depression.

However, a prescription symmetry analysis provided evidence that there is no causative
relation between beta-blockers, particularly propranolol, and depression (199), and a
literature search revealed a certain publication cycle on this topic, i.e. studies supporting
the hypothesis that beta-blockers cause depression were followed by several studies

refuting this hypothesis (200).

4.2.6 Summary of Study 2

As depression is reported concomitantly to the use of beta-blockers (64-67), the
suspected causative role of beta-blockers for the development of depression was
elucidated in a large systematic review and meta-analyses of double-blind randomized
controlled trials (2). Furthermore, study 2 sheds light on the question whether beta-
blockers further accelerate the prevalence of depression in hypertensive patients. The
risk of bias was evaluated to be high according to (86), and quality of AE reporting was
low in most cases. However, validation of results was accomplished with a positive control
symptom, i.e. fatigue/tiredness, which is a well-known AE for beta-blockers.
Consequently, the risk of fatigue/tiredness was increased during beta-blocker treatment
than with placebo, or active agents. Comparison to placebo and active controls further
contributed to validation of the results, as well as sensitivity and subgroup analyses, which

ensured robustness.

Collectively, the results do not support an association between beta-blocker therapy and

depression, which is in line with a previously published meta-analysis with a smaller
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population (201). Moreover, in a real-life population-based study from Denmark,
continued use of four beta-blockers (i.e. propranolol, atenolol, bisoprolol, and carvedilol)
was even associated with decreased rates of depression, whereas the remaining beta-
blockers did not increase the risk of depression (202). Therefore, concerns about the
impact of beta-blockers on psychological health should not affect their application in

clinical practice including their use in patients with or at risk for CKD.

5 Conclusion

The two studies included in this doctoral thesis focused on hypertension and
renoprotection. In particular, the autocrine/paracrine PGE2/COX2 pathway during
glomerular hyperfiltration was investigated in study 1 as a potential pathomechanism of
hypertensive kidney disease. Study 2 considered safety aspects of antihypertensive drug
treatment with beta-blockers, which play an important role for pharmacotherapy in
hypertensive CKD patients. The results of study 1 support an autocrine/paracrine
COX2/PGE: pathway in hPC, which is promoted by concerted EP2 and EP4 signaling.
Activation of this pathway during hyperfiltration was shown by upregulated COX2 and
PTGER4 in hPC after FFSS, and increased PGE: and 15-keto-PGE: levels in isolated
glomeruli from MWF, as compared to a control strain. Study 2 demonstrated that
depression did not occur more commonly during beta-blockers than during placebo or
active agents, using a systematic review and meta-analyses of double-blind randomized
controlled trials. Albeit quality of AE reporting was low in the most underlying studies,

results of study 2 were validated using different means, e.g. a positive control symptom.

Hypertension and renoprotection are closely linked with each other, as hypertension and
CKD are connected in a self-reinforcing cycle. Together, this thesis contributes to a better
comprehension of pathological mechanisms underlying glomerular hyperfiltration and
thus CKD, and furthermore helps to improve adherence to beta-blocker therapy by

reducing safety concerns about psychological impact.
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Abstract: Glomerular hyperfiltration is an important mechanism in the development of albuminuria.
During hyperfiltration, podocytes are exposed to increased fluid flow shear stress (FFSS) in Bowman's
space. Elevated Prostaglandin E2 (PGE;) synthesis and upregulated cyclooxygenase 2 (Cox2) are
associated with podocyte injury by FFSS. We aimed to elucidate a PGE; autocrine/paracrine pathway in
human podocytes (hPC). We developed a modified liquid chromatography tandem mass spectrometry
(LC/ESI-MS/MS) protocol to quantify cellular PGEs, 15-keto-PGEy, and 13,14-dihydro-15-keto-PGE;
levels. hPC were treated with PGE; with or without separate or combined blockade of prostaglandin
E receptors (EP), EP2, and EP4. Furthermore, the effect of FFSS on COX2, PTGER2, and PTGER4
expression in hPC was quantified. In hPC, stimulation with PGE; led to an EP2- and EP4-dependent
increase in cyclic adenosine monophosphate (cAMP) and COX2, and induced cellular PGE,. PTGER4
was downregulated after PGE; stimulation in hPC. In the corresponding LC/ESI-MS/MS invivo
analysis at the tissue level, increased PGE; and 15-keto-PGE; levels were observed in isolated
glomeruli obtained from a well-established rat model with glomerular hyperfiltration, the Munich
Wistar Fromter rat. COX2 and PTGER2 were upregulated by FFSS. Our data thus support an
autocrine/paracrine COX2/PGE; pathway in hPC linked to concerted EP2 and EP4 signaling.

Keywords: podocyte; hyperfiltration; chronic kidney disease; prostaglandin E2; COX2; EP2; EP4;
G protein-coupled receptor (GPCR) signaling; LC/ESI-MS/MS; MWF; SHR

1. Introduction

Podocytes are terminally differentiated epithelial cells that form the third layer of the glomerular
filter with their interdigitating foot processes [1]. Their high degree of differentiation permits podocytes
to accomplish their highly specialized functions. However, it limits their regenerative capacity, making
them particularly vulnerable to pathological conditions such as glomerular hyperfiltration. When
nephron number is reduced, compensatory changes of the remaining functional nephrons lead to
adaptation of glomerular hemodynamics, resulting in increased glomerular filtration rate (GFR) in

Cells 2020, 9, 1256; doi:10.339(cells¥51256 www.mdpicomyjournal/cells
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the single nephron and concomitantly in higher ultrafiltrate flow in Bowman's space [2-4] (reviewed
in [5]). This causes increased fluid flow shear stress (FFSS) and contributes to podocyte damage [3,
6]. Perturbation of the glomerular filtration barrier contributes to proteinuria, glomerulosclerosis,
and alteration in GFR, and thus promotes the gradual decline in renal function as observed in chronic
kidney disease (CKD) (reviewed in [7-9]).

Understanding the pathomechanisms underlying podocyte damage due to glomerular
hyperfiltration might help to identify therapeutical targets to protect against maladaptive responses of
podocytes, which otherwise contribute to renal damage. Previous studies support a pathophysiological
role of Cox2 (Ptgs2, cyclooxygenase 2) and prostaglandin E2 (PGE) activation for development
of albuminuria by increasing the permeability of the glomerular filtration barrier (reviewed in [5]).
Furthermore, upregulation of Cox2 and Ptger2 (prostaglandin E receptor 2, EP2) was shown in
uninephrectomized mice and murine podocytes exposed to FFSS, i.e, in two different experimental
settings to study hyperfiltration [10]. These data suggest that PGE; synthesis and signaling may play a
role in podocyte responses to hyperfiltration.

Cox2 is long known to mediate increased synthesis of PGE; upon diverse stimuli (reviewed
in [11,12]). Extracellularly, PGE; exerts its effects via four different G-protein coupled prostaglandin
E receptors (EP1-4) in human and rodents (reviewed in [13]). EP1, -2 and -4 mRNA expression
was reported in mouse podocytes, EP2 and -4 were also detected on protein level [14]. However,
the expression of EP in human podocytes (hPC) is unclear. Both EP2 and EP4 stimulate adenylate
cyclase activity leading to elevated cyclic adenosine monophosphate (cAMP) levels while EP1 increases
intracellular Ca®* (reviewed in [15-17]).

An autocrine/paracrine pathway between PGE; and Cox2 was described previously, indicating
that PGE; leads to upregulation of Cox2 in osteocyte-like cells (murine long bone osteocyte Y4,
MLO-Y4) [18]. This, in turn, increases synthesis of intracellular PGE;, which again induces Cox2.
It remains a matter of debate which EP mediates this mutual amplification: In mouse podocytes,
EP4 and the p38 mitogen-activated protein kinase (MAPK) signaling pathway were described to be
involved in PGE;-mediated Cox2 upregulation and cAMP increase [19]. In other cell types, activation
of EP2 with or without EP4-coupled cAMP/proteinkinase A (PKA) pathway was shown to upregulate
Cox2 following PGE;-treatment [20-22]. EP2 signaling was shown to be the relevant mechanism
in response to FFSS in mouse podocytes [14]. Indeed, the PGE;-Cox2-EP2 axis is suggested to be
the relevant target for podocyte damage induced by FFSS [10,23]. So far, the mechanisms involved
have not been investigated in hPC in detail. In this study, we therefore aimed to elucidate an
autocrine/paracrine PGE,/COX2 pathway in hPC and to identify which EP contributes to this crosstalk.
We determined COX2, PTGER2, and PTGER4 expression in hPC after PGE, stimulation and FFSS. Our
results corroborate recent findings in murine models of hyperfiltration on autocrine/paracrine Cox2
and PGE; activation in hPC. Moreover, we find this pathway in hPC to be linked to concerted EP2 and
EP4 signaling.

Importantly, distinct analysis of cellular PGE; and its metabolites is crucial to elucidate their
pathophysiological role in podocyte damage [10,23]. However, precise measurement of intracellular
prostaglandins remains challenging. Enzyme-linked immunosorbent assays (ELISA) are widely used
but have their limitations, e.g., the lack of standardization across different kits and low specificity,
selectivity, and throughput compared to liquid chromatography tandem mass spectrometry (LC-MS/MS)
methods [24,25]. As a limitation, LC-MS/MS oftentimes requires large quantities of samples which
are difficult to obtain in cell culture experiments [26-32]. We were able to overcome these obstacles
and provide an approach to analyze prostaglandins in hPC by liquid chromatography electrospray
ionization tandem mass spectrometry (LC/ESI-MS/MS). With our modified LC/ESI-MS/MS protocol,
we were able to precisely quantify cellular PGE;, 15-keto-PGE, and 13,14-dihydro-15-keto-PGE levels.
After stimulation with PGE,, the cellular PGE;-content was elevated, which was completely blocked
by pharmacological inhibition EP2 and EP4. In addition, we performed corresponding in vivo analysis
at the tissue level by using the LC/ESI-MS/MS methodology and demonstrated increased PGE; and
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15-keto-PGE; levels in isolated glomeruli obtained from a well-established rat model with glomerular
hyperfiltration, i.e., the Munich Wistar Fromter rat (MWE).

Our findings on elevated glomerular PGE; and 15-keto-PGE; levels strengthen the hypothesis
that glomerular PGE;-induction associates with albuminuria due to podocyte damage.

2. Materials and Methods

2.1. Cdl Culture

Conditionally immortalized hPC (kindly provided by Moin A. Saleem, University of Bristol, UK)
were cultured according to the original protocol [33,34] with slight modifications. The cells proliferate
at 33 °C and transform to differentiated hPC when kept at =37 °C exhibiting podocyte-specific
markers [34]. Briefly, podocytes were grown at 33 °C and 5% CO; in Roswell Park Memorial Institute
(RPMI)-1640 medium (cat no. BS.F1215, Bio&SELL, Feucht/Niirnberg, Germany) supplemented
with 1% Insulin-Transferrin-Selenium 100X (cat. no. 41400-045, Gibco, Grand Island, NY, USA), 10%
fetal bovine serum (FBS, cat. no. F7524, Sigma, Steinheim, Germany) and 1% ZellShield® to prevent
contamination (cat. no. 13-0150, Minerva Biolabs, Berlin, Germany). Medium was changed 2-3 times
per week. At confluency of 70-80%, podocytes were transferred to 37-38 °C until full confluence and
proliferation arrest. Subsequently, cells were kept for a minimum of 14 days at 37-38 °C to obtain full
differentiation. Differentiated phenotype was confirmed by analysis of the marker synaptopodin by
immunofluorescence (see Supplement Figure S1a,b). Characterization also included overall comparison
of the cellular shape (“cobblestone-like” in undifferentiated state and “arborized” in differentiated
hPC [33]) by light microscopy, synaptopodin mRNA expression, as well as nephrin and podocin
protein detection by immunofluorescence and western blot (see Supplement Figures Slc—e and 52).
Prior to experiments, cells were detached with Trypsin 0.25%/EDTA 0.02% solution (cat. no. L-2163,
Biochrom, Berlin, Germany), seeded in 12-well plates at 1 x 10° cells per well and kept in RPMI-1640
medium with supplements for adherence overnight. All experimental treatments were carried out in
supplement-free RPMI-1640 medium at 37-38 °C with cell passages between 5 and 22.

2.2. PGE; Treatment and Inhibition of EP Receptors

PF-04418948 (cat. no. PZ0213, Sigma, Steinheim, Germany) served as EP2 antagonist [35,36]
and ONO-AE3-208 (cat. no. 14522, Cayman Chemical, Ann Arbor, M, USA) was chosen as EP4
antagonist [37,38]. Stock solutions of PGE; (cat. no. 14010, Cayman Chemical, Ann Arbor, MI,
USA), PF-04418948, and ONO-AE3-208 with 10 mM were prepared in DMSO (cat. no. D2650, Sigma,
Steinheim, Germany) and stored at —20 °C until further use.

Podocytes were treated with PGE,; at 10 nM-1 uM concentrations as PGE,-concentrations up
to 1 uM are commonly used for in vitro experiments in murine podocytes [39,40]. For inhibition
experiments, 1 uM or even higher concentrations of the selective EP2 and/or EP4 antagonist were used
in previous studies [36,37,41-43]. In a pilot study, treatment with PGE; and EP2 antagonist (1 uM each)
did not show inhibitory effects (Supplement Figure 54). Thus, antagonists were added concomitantly
to PGE; 100 nM for the indicated time-points.

2.3. Determination of Intracellular cAMP Levels

Intracellular cAMP levels were measured using an ELISA kit (cat. no. ADI-901-163, Enzo Life
Sciences, Farmingdale, NY, USA). Cells were lysed in 300400 uL 0.1 M HCI containing 0.1% Triton
X-100 and samples were processed according to the manufacturer’s instructions for the non-acetylated
format. PGE, stimulated samples were diluted 1:5, and samples of PGE; stimulation plus co-incubation
with either the EP2 or the EP4 antagonist were diluted 1:2-3 in lysis buffer. Optical density was
measured at 415 nm and cAMP concentrations were normalized for protein content for each sample.
Protein amount was quantified by a colorimetric kit (cat. no. 23227, Pierce™ BCA Protein Assay Kit,
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Thermo Fisher Scientific, Rockford, IL, USA). Experiments for cAMP consisted of n = 3-6 samples per
experimental group and were performed once or in duplicate as indicated.

2.4. Reverse Transcription and Quantitative Real-Time PCR

Total RNA of hPC was isolated using the RNeasy® Micro Kit (cat. no. 74004, Qiagen, Hilden,
Germany) following the manufacturer’s protocol. RNA quality was controlled by a 260/280 nm
absorption ratio. For cDNA synthesis, total RNA was reverse-transcribed using the First Strand cDNA
Synthesis Kit (cat. no. K1612, Thermo Fisher Scientific, Vilnius, Lithuania).

Quantitative Real-Time PCR (qPCR) was conducted in a CFX96 Touch PCR system (Bio-Rad,
Miinchen, Germany; software version 3.1.1517.0823) or in a 7500 Fast Real-Time PCR System (Applied
Biosystems, Darmstadt, Germany; software version 2.0.6) using the comparative quantitative cycle
method with SYBR-green (cat no. 4,385,612 and 100029284, Thermo Fisher Scientific, Vilnius,
Lithuania) as reported previously [44,45] Expression analysis of each sample was done in three
technical replicates and only samples with an intra-triplicate standard deviation (SD) < 0.2 were used
for further calculation. Normalization of expression was done by the reference gene glyceraldehyde
3-phosphate dehydrogenase (GAPDH). AACt was normalized to the untreated controls in hPC.
All results were plotted as log2 of fold change (FC) (2*-AACt). Primer sequences are listed in Table 1.
Primers were purchased from Eurofins Genomics, Ebersberg, Germany or Tib Molbiol, Berlin, Germany
and specificity of detected reverse transcriptase (RT)-PCR products was confirmed by sequencing
at Eurofins Genomics, Ebersberg, Germany. COX2-qPCR for hPC consisted of n = 3-8 samples per
experimental group and were performed in duplicate or triplicate as indicated.

Table 1. Primer sequences for human (h) genes of interest.

Gene Forward Primer (5'-3") Reverse Primer (5"-3")
hGAPDH gagtcaacggatttggetegt gatctegetectggaagatg
hCcoXx2 tgatgattgeecgacteccttg tgaaagctggocctegettaty
hPTGER1 ticggoctocaccticttty cgeagtaggatgtacacccaag
hPTGER2 gacggaccacctcattctee tocgacaacagaggactgaac
hPTGER3 tcteegetectgataatgatg atctttccaaatggtegete
hPTGER4 ttactcattgecaccteect agtcaaaggacatcttctgeca

2.5. LCESI-MSMS for Analysis of Prostaglandins

2.5.1. Sample Preparation

After stimulation or inhibition experiments, supernatants were removed and stored at —80 °C.
Cells were washed twice with cold phosphate buffered saline (PBS), PBS was completely aspirated
from wells, and the 12-well plates were immediately stored at —80 °C until further processing. Before
analysis, cells were scraped from plate and suspended in 500 uL water. A 50 uL aliquot was taken for
total protein measurement following the Lowry protocol.

The cell suspensions were spiked with an internal standard consisting of 14,15-Epoxyeicosatrienoic
acid-ds, 14,15-Dihydroxyeicosatrienoic  acid-d11, 15-Hydroxyeicosatetraenoic  acid-d8,
20-Hydroxyeicosatetraenoic acid-d6, Leukotriene By-d4, PGE;-d4 1 ng each (Cayman Chemical, Ann
Arbor, MI, USA). In addition, 500 ul. methanol and 5 uL 2,6-di-tert-butyl-4-methylphenol (BHT,
10 mg/mL) were added and shaken vigorously.

The total prostaglandins were released using phospholipase A2 from honey bee Apis Mellifera
(Sigma-Aldrich, Taufkirchen, Germany) as described previously [46]. After pH adjustment to 6, acetic
acid samples were extracted by solid phase extraction (SPE) using Bond Elute Certify II columns
(Agilent Technologies, Santa Clara, CA, USA), which were preconditioned with 3 mL methanol,
followed by 3 mL of 0.1 mol/L. phosphate buffer containing 5% methanol (pH 6). SPE-columns were
then washed with 3 mL methanol/H>O (40/50, v/v). For elution, 2 mL of n-hexane:ethyl acetate 25:75
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with 1% acetic acid was used. The extraction was performed with an SPE Vacuum Manifold. The eluate
was evaporated on a heating block at 40 °C under a stream of nitrogen to obtain a solid residue which
was dissolved in 100 uL. methanol/water 60:40 and transferred in an HPLC autosampler vial (HPLC,
high performance liquid chromatography).

Experiments for analysis of prostaglandins in hPC consisted of n = 3-6 replicates per experimental
group and. Experiments were performed once or in triplicate (on different cell passages and on different
days) as indicated.

Rat glomeruli obtained by differential sieving of one kidney as described below were divided into
3 parts and stored at —80 °C until further analysis. One aliquot with approximately 1/3 total kidney
was prepared as described for cells, but without application of phospholipase A2.

For rat plasma, 200 uL plasma were spiked with internal standard and BHT. In addition, 20 uL.
glycerol and 500 pL acetonitrile was added and shaken vigorously. pH was adjusted at 6 with 2 mL
phosphate buffer (0.1 mol/L). The samples were centrifuged and the clear supernatant was extracted
using SPE as described above.

Experiments for analysis of prostaglandins in rat glomeruli or plasma consisted of n = 8-10
glomerular isolated or plasma samples of n = 8-10 different animals per rat strain.

2.5.2. LG/ESFMS/MS

The residues were analyzed using an Agilent 1290 HPLC system with binary pump, multisampler
and column thermostat with a Zorbax Eclipse plus C-18, 2.1 x 150 mm, 1.8 um column using a solvent
system of aqueous acetic acid (0.05%) and acetonitrile. The elution gradient was started with 5%
organic phase, which was increased within 0.5 min to 32%, 16 min to 36.5%, 20 min to 38%, 28 min to
98% and held there for 5 min. The flow rate was set at 0.3 mL/min, the injection volume was 20 uL.
The HPLC was coupled with an Agilent 6495 Triplequad mass spectrometer (Agilent Technologies,
Santa Clara, CA, USA) with electrospray ionisation source. The source parameters were Drying gas:
115 °C/16 Lymin, Sheath gas: 390 °C/12 L/min, Capillary voltage: 4300 V, Nozzle voltage: 1950V,
and Nebulizer pressure: 35 psi.

Analysis was performed with Multiple Reaction Monitoring in negative mode. For details,
see Table S1. Unless stated otherwise, all solvents and chemicals were purchased from VWR
International GmbH, Darmstadt, Germany.

2.6. FFSS

For FFSS, 1 x 10°-6 x 10° cells where seeded on collagen IV coated Culture Slips® (cat. no. CS-C/1V,
Dunn Labortechnik GmbH, Asbach, Germany), which are glass slides coated with collagen type IV and
rimmed with a 1.0 mm wide polytetrafluoroethylene border to limit cell culture growth to the portion
of the slip exposed to fluid flow. FFSS experiments were performed as previously described with
slight modifications [23]. The Streamer® Shear Stress Device (cat. no. STR-400, Dunn Labortechnik
GmbH, Asbach, Germany) was installed in a 38 °C incubator with 5% CO, and prepared as follows:
400 mL of PBS followed by RPMI-1640 medium were pumped through the device for approximately
10 min each. Prior to each change of content, flow direction was reversed to empty the tubes from the
previous liquid. After washing, medium was replaced by 400 mL of new medium. The system was
checked for leaks and air bubbles were eliminated. After preparation of the streamer, flow direction
was again reversed until the streamer was half-filled by medium. Tubes were released from the pump,
the system was taken out of the incubator, Culture Slips® with hPC were inserted in the Streamer®,
and the system was placed back into the incubator. All 6 slots of the Streamer® were filled to allow
consistent flow. Based on previous research, we applied FFSS at 2 dynes/cm? for 2 h [23]. At the end of
each experiment, flow rate was reversed and cells were released from the device. Control cells were
put in the same incubator with the same medium but were not exposed to FFSS.
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2.7. Animals

The MWF rat served as a model for CKD with albuminuria, while the spontaneously hypertensive
rat (SHR) served as a control strain. SHR rats develop hypertension early in life but are resistant to
albuminuria development as reviewed in [47].

Male rats at 8 weeks of age were deployed from our MWEF/Rkb (RRID:RGD_724569,
laboratory code Rkb https://www.nationalacademies.org/ilar/lab-code-database) and SHR/Rkb
(RRID:RGD_631696, laboratory code Rkb https://www.nationalacademies.org/ilar/lab-code-database)
colonies at Charité—Universititsmedizin Berlin, Germany. Rats were kept under standard conditions
as described previously [44]. All experimental work in rat models was performed in accordance
with the guidelines of the Charité—Universititsmedizin Berlin and the local authority for animal
protection (Landesamt fiir Gesundheit und Soziales, Berlin, Germany) for the use of laboratory animals.
The registration numbers for the rat experiments are G 130/16 (approved 2 August 2016) and T
0189/02 (approved 31 August 2018). Anesthesia was achieved by ketamine-xylazine (87 and 13 mg/kg
body weight, respectively). Kidneys were obtained, decapsulated, and sieved using a 125 um steel
sieve (Retsch GmbH, Haan, Germany) rinsed by PBS. The filtrate was then placed on a 71 um steel
sieve (Retsch GmbH, Haan, Germany) and washed with PBS. Glomeruli were kept on the sieve and
were separated from the flow-through. Glomeruli were rinsed off the sieve with PBS, centrifuged,
snap-frozen, and stored at —80 °C until further processing. Plasma was obtained by retrobulbary
punction or punction of vena cava and collected in ethylenediaminetetraacetic acid (EDTA )-containing
vials, centrifuged at 2 min at 4 °C, and stored subsequently at —80 °C.

2.8. Statistics

Statistical analysis was conducted using GraphPad Prism 8.4.0 (GraphPad Software, San Diego,
CA, USA). Normal distribution was tested with the Shapiro-Wilk test. Normally distributed data
were compared either by unpaired, two-tailed Student’s t-test or one-way ANOVA with Tukey’s or
Dunnett’s multiple comparisons test as indicated. Multiple comparisons tests after one-way ANOVA
were used to compare every mean to every other mean (Tukey” follow up test) or to a control mean
(Dunnett’s follow up test). Results not normally distributed were analyzed by Mann-Whitney test or
Kruskal-Wallis test with Dunn’s multiple comparisons test as indicated. Significance level was set at
p < 0.05. Statistical details for specific experiment can be found within figures and figure legends.

3. Results

3.1. PGE; Leads to EP2- and EP4- Dependent Increased cAMP Levels in Differentiated hPC

Stimulation of hPC with 100 nM PGE; led to an immediate time-dependent increase in intracellular
cAMP levels detected after 1 min onward and retained at least until 40 min of PGE; stimulation
(Figure 1). As intracellular cAMP levels remained comparably high until 20 min of PGE; stimulation,
this incubation time was chosen for subsequent cAMP measurements.

Analysis of EP expression on hPC revealed the presence of PTGERI, PTGER2, and PTGER4 mRNA
in differentiated hPC (Figure S3), which encode for EP1, EP2, and EP4, respectively. As only EP2
and EP4 are reported to mediate an increase in intracellular cAMP (reviewed in [15-17]), we next
investigated the effect of pharmacological inhibition of EP2 and EP4 signaling on PGEz-stimulated
intracellular cAMP levels in hPC. Therefore, either the selective antagonist of EP2 (PF-04418948, 1 uM)
or EP4 (ONO-AE3-208, 1 uM) were co-incubated with 100 nM PGE; individually and in combination
(Figure 2). Upon PGE; stimulation, antagonism of either EP2 (-92.5%) or EP4 (—63.7%) alone resulted
in a marked albeit only partial decrease of intracellular cAMP levels compared to stimulated hPC
without antagonists. In contrast, the PGE, stimulated intracellular cAMP increase was completely
abrogated by combined EP2 and EP4 antagonism (Figure 2), suggesting that, in hPC, both EP2 and EP4
may mediate PGE;-dependent signaling.
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Figure 1. Intracellular cAMP levels in hPC are increased by PGE; stimulation (100 nM, pink triangles)
in a ime-dependent manner. For several controls (blue circles), cAMP levels fell below the lowest
concentration of the recommended standard curve (0.78 pmol/mL) and were therefore set to zero. Each
data point represents the mean + SD of one experiment with 11 = 3-4 samples per time-point.
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Figure 2. Intracellular cAMP is increased by PGE; stimulation via EP2 and EP4 in hPC. Representative
cAMP levels following PGE, stimulation for 20 min without concomitant EP2 or EP4 antagonist
(100 nM, pink triangles) compared to controls without PGE; (pink circles), after co-incubation with
either EP2 antagonist (PF-04418948, 1 uM, orange triangles) or EP4 antagonist (ONO-AE3-208, 1 uM,
blue triangles) compared to controls without PGE; (orange circles for EP2 antagonist, blue circles
for EP4 antagonist), and co-incubation of PGE; with both antagonists simultaneously (1 uM each,
black triangles) compared to controls without PGE; (black circles). Each data point represents a single
sample and plotted as mean + SD (horizontal lines) per treatment group consisting of 11 = 6 samples.
For several controls, cAMP levels fell below the lowest concentration of the recommended standard
curve (0.78 pmol/mL.) and were therefore set to zero. Experiments were done in duplicate on different
cell passages and on different dates, each consisting of 1 = 3-6 replicates per treatment, except for the
separate EP4 inhibition, which was only performed once. Statistics: *, p < 0.01; §, p < 0.05; n.s., not
significant, assessed by a Mann-Whitney test. + denotes addition of the respective EP antagonists.
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3.2. PGE; Induces COX2 Gene Expression via EP2 and EP4 Signaling in Differentiated hPC

Stimulation of hPC with PGE; for 2 h revealed a dose-dependent upregulation of COX2 mRNA
expression (Figure 3a). In order to elucidate the role of EP2 and EP4 in PGE;-mediated COX2
upregulation, either the selective EP2 antagonist PF-04418948 (1 uM) or the selective EP4 antagonist
ONO-AE3-208 (1 uM) were co-incubated with 100 nM PGE; individually or in combination (Figure 3b).
Upon PGE; stimulation, antagonism of either EP2 or EP4 alone resulted in an increase in COX2 mRNA
although lower compared to PGE,-stimulated hPC without antagonists (Figure 3b). Combined EP2
and EP4 antagonism completely inhibited PGE;-mediated COX2 upregulation (Figure 3b), suggesting
that PGE; signals via both EP2 and EP4 to regulate COX2 levels in a positive feedback loop.
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Figure 3. COX2 gene expression is increased by PGE; via EP2 and EP4 in hPC. QPCR results are presented
as relative mRNA expression level normalized to GAPDH and referred to control group. (a) COX2 levels
following PGE; stimulation (pink triangles) for 2 h were upregulated in a dose-dependent manner
compared to untreated control (blue circles). Each data point represents the mean of an independent
experiment (performed at least in duplicate on different cell passages and on different dates, each
consisting of n = 3-8 replicates per treatment) and plotted as combined mean £ SD (horizontal
lines). SD was not plotted when only two independent experiments were performed. Statistics:
*, p< 001, assessed by one-way ANOVA with Dunnett’s follow-up test; (b) COX2 levels following
PGE; stimulation for 2 h without concomitant EP2 or EP4 antagonist (100 nM, pink triangles) compared
to controls without PGE; (pink circles), after co-incubation with either EP2 antagonist (PF-04418948,
1 uM, orange triangles) or EP4 antagonist (ONO-AE3-208, 1 uM, blue triangles) compared to controls
without PGE, (orange circles for EP2 antagonist, blue circles for EP4 antagonist), and co-incubation
of PGE; with both antagonists simultaneously (1 uM each, black triangles) compared to controls
without PGE; (black circles) obtained in three independent experiments. Each data point represents the
mean of an independent experiment (performed at least in triplicate on different cell passages and on
different dates, each consisting of 11 = 3-6 replicates per treatment) and plotted as combined mean + SD
(horizontal lines). + indicates addition of the respective EP antagonists. Statistics: *, p< 0.01; 1.5, not
significant, assessed by two-tailed Student’s f-test.

3.3. PGE; Reduces PTGER2 and PTGER4 Gene Expression Whidr Is Not Modified by EP2 or EP4 Antagonists
in Differentiated hPC

Stimulation of hPC with rising concentrations of PGE; for 2 h revealed inconsistent changes of
PTGER2 mRNA expression: 10 nM and 1 uM did not significantly change PTGER2 expression, whereas
PGE3 100 nM slightly reduced PTGER2 expression (Figure 4a). The weak downregulation by PTGER2
of 100 nM PGE; was not abrogated by co-incubation with the selective EP4 antagonist ONO-AE3-208
(1 uM) (Figure 4b).
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Figure 4. PTGER2 and PTGER4 gene expression in hPC after PGE; stimulation and following
co-incubation with EP antagonists. qPCR results are presented as relative mRNA expression level
normalized to GAPDH and referred to control group. (a) PTGER2 levels following PGE,; stimulation
with 10 nM, 100 nM, and 1 uM (pink triangles) for 2 h compared to untreated control (blue circles).
Each data point represents the mean of an independent experiment (performed at least in duplicate on
different cell passages and on different dates, each consisting of 1 = 3-8 replicates per treatment) and
plotted as combined mean = SD (horizontal lines). SD was not plotted when only two independent
experiments were performed. Statistics: $, p < 0.05, assessed by one-way ANOVA with Dunnett's
follow-up test; (b) PTGER2 levels following PGE; stimulation for 2 h without concomitant EP4
antagonist (100 nM, pink triangles) compared to controls without PGE,; (pink circles), and after
co-incubation with EP4 antagonist (ONO-AE3-208, 1 uM, blue triangles) compared to controls without
PGE; (blue circles) obtained in three independent experiments. Each data point represents the mean of
an independent experiment (performed in triplicate on different cell passages and on different dates,
each consisting of 1 = 3-6 replicates per treatment) and plotted as combined mean + SD (horizontal
lines). + denotes addition of ONO-AE3-208. Statistics: n.s., not significant, assessed by a Mann-W hitney
test; (¢) PTGER4 levels following PGE; stimulation with 10 nM, 100 nM, and 1 uM (pink triangles) for 2
h compared to untreated control (blue circles). Each data point represents the mean of an independent
experiment (performed at least in duplicate on different cell passages and on different dates, each
consisting of i1 = 3-8 replicates per treatment) and plotted as combined mean + SD (horizontal lines).
SD was not plotted when only two independent experiments were performed. Statistics: $, p < 0.05,
assessed by a Kruskal-Wallis test with Dunn's multiple comparisons test; (d) PTGER4 levels following
PGE, stimulation for 2 h without concomitant EP2 antagonist (100 nM, pink triangles) compared to
controls without PGE; (pink circles), after co-incubation with EP2 antagonist (PF-04418948, 1 uM,
orange triangles) compared to controls without PGE; (orange circles) obtained in three independent
experiments. Each data point represents the mean of an independent experiment (performed in
triplicate on different cell passages and on different dates, each consisting of 1 = 5-6 replicates per
treatment) and plotted as combined mean + SD (horizontal lines). + denotes addition of PF-04418948,
Statistics: $, p < 0.05; n.s,, not significant, assessed by a two-tailed Student’s f-test.
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Stimulation of hPC with PGE; for 2 h revealed a dose-dependent reduction of PTGER4 mRNA
expression (Figure 4c). In order to elucidate the role of EP2 in PGE;-mediated PTGER4 downregulation,
the selective EP2 antagonist PF-04418948 (1 uM) was co-incubated with 100 nM PGE, (Figure 4d).
The PGE;-induced decrease in PTGER4 mRNA was not abolished by co-incubation with the EP2
antagonist (Figure 4d).

3.4. Cdlular PGE; and Metabolite Profile in hPC after PGE; Stimulation: Effects of EP2 and EP4 Blockade

To investigate whether PGE; stimulation and subsequent COX2 induction lead to changes in
cellular levels of PGE; and its downstream metabolites 15-keto-PGE2 and 13,14-dihydro-15-keto-PGE>
(Figure 5a), hPC were analyzed by LC/ESFMS/MS. After stimulation with PGE;, the cellular
PGE;-content was elevated (Figure 5b), while 15-keto-PGE; and 13,14-dihydro-15-keto-PGE, remained
at control levels. Pharmacological inhibition of EP2 and EP4 reduced cellular PGE; significantly
(Figure 5c). Our findings point towards an autocrine PGE,-EP2/EP4-COX2 signaling axis in hPC.
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Figure 5. PGE; and its metabolites were measured by LOESI-MSMS in hPC. (a) structure of PGE; and
its metabolites; (b) levels of cellular PGE; (pink), 15-keto-PGE; (green), and 13,14-dihydro-15-keto-PGE;
(blue) were measured after PGE; stimulation for 2 h (100 nM, triangles) and in untreated controls
(circles). PGE; levels were increased in PGE,-stimulated cells (pink triangles) vs. controls (pink circles).
Each datapoint represents the mean of an independent experiment (performed in triplicate on different
cell passages and on different dates, each consisting of 1 = 3-6 replicates per treatment) and plotted
as combined mean = SD (horizontal lines). Statistics: *, p < 0.01, assessed by a two-tailed Student’s
f-test in each experiment; (c) elevated cellular PGE; levels caused by PGE, stimulation (pink triangles)
were abrogated by simultaneous co-incubation with combined EP2 and EP4 antagonism (PF-04418948
and ONO-AE3-208, respectively, 1 uM each). + indicates addition of combined EP antagonists. Each
datapoint represents a single sample and plotted as mean = SD (horizontal lines) per treatment group
consisting of n = 6 replicates obtained in a single experiment. Statistics: *, p < 0.01, assessed by a
two-tailed Student's f-test.
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3.5. Glomerular PGE; and Metabolite Profile in Glomeruli and Plasma in the CKD MWF Model

Analysis of PGE; and its subsequent metabolites 15-keto-PGE; and 13,14-dihydro-15-keto-PGE;
in glomeruli and plasma of MWF and SHR at eight weeks of age revealed an increase of
glomerular PGE; and 15-keto-PGE; levels in MWF compared to SHR. No difference was observed for
13,14-dihydro-15-keto-PGE; (Figure 6a). In plasma, levels of PGE; and 13,14-dihydro-15-keto-PGE,
did not differ between MWF and SHR (Figure 6b). The metabolite 15-keto-PGE; in plasma was below
level of detection (data not shown).
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Figure 6. Levels of PGE; (pink), 15-keto-PGE; (green) and 13,14-dihydro-15-keto-PGE; (blue) were
measured in glomeruli of MWF (triangles) and SHR (circles) at 8 weeks of age. (a) glomerular PGE;
and 15-keto-PGE; levels were increased in MWF (pink and green triangles, respectively) compared
to SHR (pink and green circles, respectively), whereas glomerular 13,14-dihydro-15-keto-PGE; (blue
circles and triangles) did not differ between both strains. Each data point represents a single animal
and plotted as mean + SD (horizontal lines) per rat strain consisting of n = 9-10 animals each. Statistics:
*, p < 0.01; n.s,, not significant assessed by a two-tailed Student’s f-test; (b) levels of PGE; (pink) and
13,14-dihydro-15-keto-PGE; (blue) in plasma did not differ between MWF (triangles) and SHR (circles).
Each data point represents a single animal and plotted as mean + SD (horizontal lines) per rat strain
consisting of 1 = 8-9 animals, each. Statistics: 1.5, not significant assessed by the Mann-Whitney test.

3.6. FFSS Increases COX2 and PTGER2 Gene Expression in hPC

FFSS was previously shown to elevate intracellular PGE; levels and Cox2 in murine
podocytes [10,23]. We therefore investigated COX2 mRNA expression after FFSS in hPC. FFSS led to
increased COX2 mRNA expression in hPC as shown in Figure 7.
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Figure 7. FFSS upregulated COX2 gene expression in hPC (pink squares). gPCR results are presented
as relative mRNA expression level normalized to GAPDH and referred to control group (blue circles).
COX2 upregulation was quantified after 2 h of FFSS with 2 dynes/(:mz. Statistics: $, p < 0.05, assessed
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by a two-tailed Student’s i-test. Each datapoint represents the mean of an independent experiment
(performed in duplicate on different cell passages and on different dates, each consisting of n = 5-6
replicates per treatment) and plotted as combined mean (horizontal lines).

Furthermore, EP2 protein was reported to be upregulated upon FFSS in murine podocytes [10].
In hPC, FFSS slightly upregulated PTGER?2 (Figure 8a), whereas PTGER4 expression did not change
compared to control (Figure 8b).
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Figure 8. PTGER2 and PTGER4 gene expression in hPC subjected to FFSS (pink squares). gPCR results
are presented as relative mRNA expression kevel normalized to GAPDH and referred to control group
(blue circles). mRNA expression of PTGER2 (a) and PTGER4 (b) was quantified after 2 h of FFSS with
2 dynaﬁ/sz. Statistics: $, p < 0.05, assessed by a two-tailed Student’s f-test. Each datapoint represents
a single sample and plotted as mean + SD (horizontal lines) per treatment group consisting of n = 4-5
replicates obtained in a single experiment.

4. Discussion

Recent studies in murine models of hyperfiltration support a pathophysiological role of
autocrine/paracrine COX2/PGE; activation on podocyte damage, thus contributing to disturbances
of the glomerular filtration barrier including the development of albuminuria [10,14,23] (reviewed
in [2,5]). These findings suggest that induction of COX2 associates with podocyte damage, while
selective or non-selective inhibition of COX2 reduces proteinuria in animal models as well as in patients
(reviewed in [48]). So far, the mechanisms involved have not been investigated in detail.

In mouse podocytes, EP1, -2 and -4 expression was reported and EP2 and -4 were also detected
on protein level [14]. In this study, we corroborate these findings in hPC, which also express EP1,
-2 and -4. EP4 is known as a constitutively expressed protein reflected by abundant protein levels
in untreated murine podocytes compared to EP2 [10]. Our results on apparently lower PTGER4
mRNA expression compared to PTGER2 in hPC should be interpreted with caution as they need to
be confirmed on the protein level in future investigations. Stimulation of hPC with PGE, led to an
immediate intracellular cAMP increase starting at 1 min after PGE,; stimulation until at least 40 min
of stimulation (Figure 1). Of note, the detected intracellular cAMP levels are net levels resulting
from cAMP generation by adenylate cyclase and its concomitant degradation by phosphodiesterases.
Phosphodiesterase activity was only blocked at the end of the stimulation experiments by adding HCL.
Previous studies in immortalized murine podocytes revealed a similar time-course of cAMP increase
occurring within the first 30 min after EP2 and/or EP4 stimulation [39,49,50]. In our experimental
setting in hPC, this PGE,-stimulated intracellular cAMP increase was only completely abrogated by
combined EP2 and EP4 antagonism pointing towards a comparable role of both receptors for cAMP
induction in hPC (Figure 2). Multiple intracellular signaling pathways have been described for either
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EP2 and EP4 (reviewed in [51]). PGE; stimulation of EP2 and EP4 activated the transcription factors
T-cell factor (Tcf) and lymphocyte enhancer factor (Lef) signaling via PKA- and phosphatidylinositol
3-kinase/proteinkinase B (PI3K/Akt)-dependent phosphorylation of glycogen synthase kinase 3 (GSK3),
thus promoting translocation of the transcription cofactor B-catenin into the nucleus where interaction
with Tcf and Lef modulated gene expression, e.g., of COX2 [52,53]. However, participation of EP2 in
PI3K/Akt signaling remains a matter of debate, as some investigators suggest that only EP4 but not EP2
are linked with PI3K/Akt [54]. Mechanotransduction in murine podocytes was previously suggested to
be mediated by Akt-GSK3p-B-catenin, extracellular-signal regulated kinases (ERK)1/2, and p38MAPK,
but not cAMP-PKA signaling upon FFSS [40]. The lack of cAMP elevation upon FFSS in that study
might be explained, though by the experimental design as intracellular cAMP was measured at the
earliest 2 h after applying FFSS. In contrast, the cAMP-PKA pathway was shown to be involved upon
PGE; stimulation of murine podocytes [40], which better matches our setting of PGE; stimulation
of hPC. Moreover, the cAMP-PKA pathway has been shown in intracellular signaling upon FFSS in
osteocytes [55,56].

We detected upregulation of COX2 by PGE; in a dose-dependent fashion with both EP2 and EP4
being involved in hPC (Figure 3). PGE3 stimulation of EP2 and EP4 was reported to increase cAMP
response element-binding protein (CREB), which was demonstrated to be PKA-dependent for EP2,
whereas EP4-coupled PI3K signaling was suggested to counteract CREB formation [57-60]. Of note,
transcription of COX2 can be modulated by CREB, as CRE is part of the COX2 promotor [61,62].
Therefore, subsequent PKA/CREB activation could play a role for the observed increase in COX2
expression following intracellular cAMP level elevation in hPC. To further investigate this aspect,
experiments with PKA-inhibitors, e.g.,, H-89, will be performed as well as analysis of CREB
phosphorylation status, and activation of the transcription factors Tcf and Lef. Functional analysis of
COX2 protein activity might also be helpful. However, previous data in various cell types including
murine podocytes already revealed that COX2 protein is indeed increased after 2 h stimulation with
PGE,; [19,58). Taken together, our results on concerted EP2 and EP4 signaling being involved in
upregulation of intracellular cAMP and COX2 levels represent a novel finding. To validate our results
on the role of EP2 and EP4 on the intracellular cAMP increase and upregulation of COX2, effects of hPC
stimulation with an EP2 and/or EP4 agonist without PGE; should be investigated in future experiments.

Accompanied by these findings, PGE; stimulation also increased cellular PGE, i.e., PGE3, whichis
released from membranes and appears intracellularly (Figure 5b). This effect is abrogated by combined
EP2- and EP4-antagonism (Figure 5¢). Intracellularly generated PGE; is degraded by 15-prostaglandin
dehydrogenase (HPGD) to 15-keto-PGE,, which is then terminally inactivated, albeit with different
efficiency, by prostaglandin reductase (PTGR) 1, -2 and -3 to 13,14-dihydro-15-keto-PGE, [63,64]
(reviewed in [65]). Intracellular PGE; was reported to exit the cell by simple diffusion or by an efflux
transport mediated by prostaglandin transporter (PGT), i.e., solute carrier organic anion transporter
family, member 2A1 (OATP2A1), or ATP-binding cassette, subfamily C, member 4 (MRP4) [66-68].

Elevated PGE; levels were previously associated with podocyte damage, suggesting that it
might be a biomarker of progressive CKD [10,69]. LC-MS/MS based methods are beneficial to
precisely study cellular prostaglandin metabolism with a maximum of selectivity and specificity.
However, cell culture experiments are mainly restricted to small sample amounts that might hamper
analysis by LC-MS/MS [26-32]. Here, we present a refined protocol for prostaglandin analysis
in cells by LC/ES/MS-MS. This might help to further elucidate cellular prostaglandin metabolism
under pathophysiological conditions particularly in vitro but also in vivo. The observed increases
in cellular PGE; content upon PGE; stimulation in hPC might be due to several mechanisms. One
possibility is that extracellular PGE; enters the podocyte by simple diffusion or by uptake transport
mediated by OATP2A1, which was previously reported to facilitate bidirectional transport of PGE;
over membranes [66-68]. A second reason could be autocrine/paracrine mechanisms, i.e., extracellular
PGE; activates EP2 and EP4 signaling, thus increasing COX2 transcription and translation. As COX2
delineates the rate-limiting step of PGE; synthesis (reviewed in [70]), its induction leads to higher
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cellular PGE; levels. Our results support the latter option, as combined inhibition of EP2 and EP4
signaling diminished the increase in cellular PGE; levels.

In our corresponding in vivo study, we employed the MWF model, which represents a suitable
model with glomerular hyperfiltration and thus FFSS [47]. The MWF model was previously extensively
characterized (reviewed [47]). Thus, the MWF model is a non-diabetic inbred, genetic model with an
inherited nephron deficit of 30-50% depending on the comparator rat strain [71,72]. Consequently, male
MWF rats are characterized by increased single nephron glomerular filtration rate but with normal mean
glomerular capillary pressure [72,73]. In addition, MWF rats develop mild arterial hypertension and
spontaneous progressive albuminuria [47]. Thus, male MWF rats develop spontaneous albuminuria
at an early age between weeks 4 and 8 after birth and subsequently progressive proteinuria and
glomerulosclerosis [74]. The latter was also demonstrated in the MWF strain from our own colony and
thus in the animals used in the current study [47]. Early onset albuminuria in young MWF animals
occurs at six weeks of age and is preceded by glomerular hypertrophy, accompanied by focal and
segmental loss of podoplanin and followed by podocyte foot process effacement at 8 weeks of age, i.e.,
at onset of albuminuria [75]. For these reasons, we selected animals at this age for our analysis in the
current study. Asa comparator strain, we use the previously characterized spontaneously hy pertensive
rats (SHR) that are resistant to albuminuria development [71,76]. Taken together, we showed the
feasibility of the LC/ESFMS/MS methodology to characterize the PGE, pathway at the glomerular
tissue level by using the MWF strain. The observed increases in both PGE; and 15-keto-PGE; in isolated
glomeruli of MWF support the activation of this pathway in glomerular hyperfiltration. However,
these results should be viewed against the background that the cellular origin of this finding was
not determined, and thus the contribution of other cell types, e.g., glomerular endothelial cells or
mesangial cells remains unclear. Up to now, direct isolation of podocytes from glomeruli was reported
for transgenic mice [77-80]. In the rat, there seem to be more technical difficulties as transgenic
implementation of fluorescent dyes was not yet accomplished. Antibody staining for podocyte markers
and subsequent analysis by FACS is possible [81], but whether isolated primary rat podocytes can be
subjected to transcriptomic, proteomic, or lipidomic analysis remains to be investigated. Urinary PGE,
was suggested as a biomarker for adaptive hyperfiltration in human solitary kidney [69]. The analysis
of the urinary PGE; and metabolite profile in our CKD MWF model is currently not established due to
experimental challenges to establish robust LSESI-MS/MS analysis in rat urine. In contrast, the profile
in plasma did not differ significantly between MWF and SHR (Figure 6b). In plasma, dilution of
prostaglandins might be a major problem as 15-keto-PGE; levels were below the limit of detection.
Therefore, plasma levels provide rather a rough estimate, while analysis of glomeruli offers a closer
insight into podocyte prostaglandin metabolism.

Besides mimicking hyperfiltration by exogenous supplementation with PGE;, we also applied
FFSS on hPC. This model aimed to imitate intensified flow of the ultrafiltrate in Bowman's space, thus
causing podocyte injury. Similar to PGE; treatment, FFSS leads to upregulation of COX2 (Figure 7).
Our data corroborate the work by Srivastava and coworkers, who suggested Akt/GSK3p-Bcatenin and
the MAPK pathway to be involved in mechanotransduction on mouse podocytes [10,40]. We thus aim
to investigate these signaling pathways in hPC upon FFSS in our future work. We corroborate recent
findings that EP2 is upregulated by FFSS while EP4 expression is not changed [10] (Figure 8).

5. Conclusions

An autocrine/paracrine pathway between COX2 and PGE; exists also in hPC and is mediated by
both EP2 and EP4. Distinct analysis of cellular PGE; and its metabolites was enabled by a modified
protocol using LS/ESI-MS/MS. Elevated PGE; and 15-keto-PGE; levels were detected in glomeruli of
MWF, a model for CKD, thereby strengthening the hypothesis that glomerular PGE; accumulation
is associated with albuminuria due to podocyte damage. Understanding prostaglandin signaling in
hPC may contribute to identifying novel target pathways to protect against maladaptive responses to

hyperfiltration in podocytes.
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S 1. bnmamofluorescence of Synaptopodin, Podocin, and Nephrin

Differentiated phenotype of hPC was confirmed by analysis of the marker synaptopodin by
immunofluorescence. Briefly, cells were seeded on 8-chamber-glass slides at 12 x 10° cells per well
(NUNC Lab-Tek II Chamber Slide, cat. no. 154534) and kept in RPMI-1640 medium with
supplements for adherence overnight. Medium was then discarded and cells were washed twice
with PBS. Fixation of cells was achieved with 80% acetone/PBS at 4 °C for 10 min. Afterwards, cells
were washed three times with cold PBS. Blocking solution consisting of PBS+5%FBS was applied for
20 min at room temperature. Primary antibody mouse anti-synaptopodin (cat. no. 65194, Progen
Biotechnik GmbH, Germany) diluted 1:25 was added and incubation lasted 1 h at room temperature.
After three washing steps, the secondary antibody donkey anti-mouse IgG Alexa Fluor Plus 594 (cat.
no. A32744, Thermo Fisher Scientific, Germany) diluted 1:200 was added and incubated for 1h at
room temperature in darkness. Cells were washed twice with PBS and nuclei were stained with
4’ 6-diamidino-2-phenylindole (DAPI, cat. no. P36931, Invitrogen, Germany) for 24h at room
temperature in darkness. Immunofluorescence was detected at 405 nm (DAPI) and 594 nm (donkey
anti mouse for synaptopodin) on a Leica confocal SPE microscope (Figure S1 (a) and (b)).

Additionally, immunofluorescence for the podocyte markers podocin and nephrin was
performed in 24-well plates. For nephrin, the protocol of synaptopodin staining was followed using
rabbit anti-nephrin (cat. no. PA5-72826, Invitrogen, Germany) diluted 1:50 as primary antibody and
goat anti-rabbit Alexa Fluor Plus 488 (cat. no. A32732, Invitrogen, Germany) 1:200 as secondary
antibody. Nuclei staining was performed using DAPI 1:3000 (cat. no. D1306, Thermo Fisher,
Germany) with incubation for 10 min at room temperature in darkness. Cells were finally washed
twice with PBS and covered with Fluoromount (cat. no. 00-4958-02, Invitrogen, Germany). For
podocin, fixation of cells was achieved by 4% paraformaldehyde+1 mM MgCl:+0.5% Triton X100
using 800 uL per well and an incubation time of 10 min at room temperature. After three washing
steps with PBS, blocking solution consisting of PBS+5% FBS+0.1% Triton X100 was added to each
well and incubated for 20 min at room temperature. Primary antibody rabbit anti-podocin (cat. no.
P0372, Sigma-Aldrich, Germany) diluted 1:50 was added and incubation lasted 1h at room
temperature. Afterwards, the same protocol was followed as for podocin staining.
Immunofluorescence was detected at 405 nm (DAPI) and 488 nm (goat anti-rabbit for podocin and

nephrin) on an EVOS fluorescence microscope (Thermo Fisher, Germany) (Figure S1 (c)-(e)).

(a) (b)
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Figure S1. Differentiation of hPC was confirmed by immunofluorescence of synaptopodin, pododn,
and nephrin. (a) Control without primary antibody revealed no unspecific binding of secondary
antibody donkey anti-mouse IgG Alexa Fluor Plus 594, overlay with DAPI indicated nuclei. Scale bar
250 ym; (b) Synaptopodin (red) was expressed by differentiated hPC. Nuclei staining was performed
with DAPL Scale bar 100 pm; (c) Control without primary antibody revealed no unspedific binding
of secondary antibody goat anti-rabbit Alexa Fluor Plus 485, overlay with DAPI indicated nuclei.
Scale bar 200 pum; (d) Podocin (green) and (e) nephrin (green) were expressed by differentiated hPC.
Foot processes are visible in (e) indicated by white arrow. Scale bars 200 pm.

S 2. Additional Characterization of hPC

Cellular appearance differed between differentiated hPC exhibiting an arborized shape (Figure
52a), and proliferating, undifferentiated hPC that showed typical “cobblestone” pattern (Figure
52b). This appearance was also described before [1]. Furthermore, synaptopodin (SYNPO) gene
expression (forward primer (5-3°) - gaggacctagcagacgttgg, reverse primer (5-37) -
tctgagtaceectecatget) was shown on differentiated hPC, while undifferentiated hPC did not express
SYNPO mRNA (Figure S2¢). Additionally, nephrin and podocin protein were detected by westermn
blot using rabbit anti-nephrin antibody (cat. no. PA5-72826, Thermo Scientific) and rabbit
anti-podocin antibody (cat. no. P0372, Sigma), both diluted 1:500 and incubated at 4 °C overnight as
primary antibodies and horseradish peroxidase conjugated goat anti-rabbit (cat. no. sc-2004, Santa
Cruz Biotechnology) as secondary antibody. Nephrin and podocin were expressed on differentiated
and proliferating podocytes, albeit the undifferentiated hPC exhibited weaker expression of both
(Figure S2d, e).
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(d) (e)

Figure 52. Characterization of differentiated and undifferentiated hPC. Light microscopy revealed
an arborized shape of differentiated hPC at 37 °C (a), and a cobblestone pattern of undifferentiated
hPC at 33 °C (b); (c) PCR revealed SYNFPO gene expression in differentiated hPC (“hPC 37 °C") and
no expression in undifferentiated hPC (“33 °C"); (d) nephrin and podocin (e) protein were detected
by western blot in undifferentiated (“hPC 33 °C") and differentiated (“hPC 37 °C") hPC.

S 3. Expression of EP in hPC
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Figure 53. Characterization of hPC for EP receptor expression. PTGER1 (EP1), PTGER2 (EP2), and
PTGER4 (EP4) mRNA is present in differentiated hPC. HEK293 (HEK) served as a positive control
where indicated.

S 4. COX2 expression in hPC after co-incubation with PGE2 1 uM and EP2 mitagonist 1 uM

In a pilot test, we analyzed whether the selective EP2 antagonist PF-04418948 (1 uM) could
abolish the effects of 1 uM PGE: on COX2 mRNA expression. Stimulation of hPC with PGE:2 1 uM
for 2 h revealed an increase in COX2 mRNA (Figure 54). Upon PGE: stimulation, co-incubation with
1 uM of the selective EP2 antagonist PF-04418948 did not inhibit the PGE:-mediated increase in
COX2 mRNA (Figure 54).
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Figure 54 EP2 antagonist does not inhibit PGE: mediated COX2 upregulation when applied with the
same concentration as PGE:. COX2 mRNA-levels following PGE: stimulation with 1 uM for 2h
without concomitant EP2 antagonist (pink triangles) compared to controls without PGE: (pink
circles), after co-incubation with 1 uM EP2 antagonist (PF-04418948, orange triangles) compared to
controls without PGE: (orange circles). Each datapoint represents a single sample and plotted as
mean = SD (horizontal lines) per treatment group. Each treatment group consisted of n=6-9 replicates
analyzed in a single experiment. Statistics: ¥, p<0.01; ns., not significant, assessed by two-tailed
Student’s t-test.

§ 5. LC/ESI-MS/MS for Analysis of Prostaglandins
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Table S1. Multiple Reaction Monitoring in negative mode for LC/ESI-MS/MS.

Compound Name Precursor Ion ProductIon MassRes CE(V) R:ltn':nu;le
Tetranor PGFM 329 249 Unit 26 3
Tetranor PGFM 329 239 Unit 25 3
Tetranor PGFM 329 149 Unit 31 3
Tetranor PGFM 329 129 Unit 33 3

6-keto-PGFla 369.2 245 Wide 28 461
6-keto-PGFla 369.2 207 Wide 22 461
6-keto-PGFla 369.2 163 Wide 29 461
TXB2-1 369.2 1951 Wide 12 7.04

TXB2-1 369.2 1691 Wide 14 7.04
11£-PGF2a 3532 2732 Wide 22 73
11£-PGF2a 3532 1931 Wide 26 73
11£-PGF2a 3532 2912 Wide 21 73

PGF2a 3532 291 Wide 23 884

PGF2a 3532 273 Wide 22 884

PGF2a 3532 193 Wide 28 884

PGF2a 3532 165 Wide 27 884

PGE2-D4 3552 2752 Wide 18 984

PGE2 3512 3152 Wide 10 994

PGE2 3512 2712 Wide 18 994

PGE2 3512 1891 Wide 20 994

PGF2a-15-keto 3512 315 Wide 11 10.64

PGF2a-15-keto 3512 191 Wide 28 10.64

PGD2 3512 3152 Wide 11 113

PGD2 3512 2712 Wide 18 113

PGD2 3512 2332 Wide 10 113

PGD2 3512 1891 Wide 20 113
PGE2-15-keto 3492 2872 Wide 14 118
PGE2-15-keto 3492 2352 Wide 14 118
PGE2-15-keto 3492 1131 Wide 19 118
PGF2a-13,14dihydro-15keto 3532 291 Wide 22 137
PGF2a-13,14dihydro-15keto 3532 183 Wide 29 137
PGF2a-13,14dihydro-15keto 3532 113 Wide 29 137
PGE2-13,14-dihydro-15-keto 3512 3152 Wide 20 144
PGE2-13,14-dihydro-15-keto 3512 2352 Wide 22 144
PGE2-13,14-dihydro-15-keto 3512 1752 Wide 22 144
PGE2-13,14-dihydro-15-keto 3512 1131 Wide 28 144
PGD2-13,14-dihydro-15-keto 3512 3152 Wide 12 177
PGD2-13,14-dihydro-15-keto 3512 2071 Wide 20 177
PGD2-13,14-dihydro-15-keto 3512 1752 Wide 20 177
PGD2-13,14-dihydro-15-keto 3512 163.1 Wide 26 177

PGJ2 3332 2712 Wide 16 2075

PGJ2 3332 2331 Wide 9 2075

PGJ2 3332 1891 Wide 17 2075
PGJ2-deltal2 3332 2712 Wide 16 211
PGJ2-deltal2 3332 2331 Wide 9 211
PGJ2-deltal2 3332 1891 Wide 17 211
PGJ2-15-deoxy-delta 12,14 3152 2712 Wide 12 262
PGJ2-15-deoxy-delta 12,14 3152 2432 Wide 20 262
PGJ2-15-deoxy-delta 12,14 3152 2171 Wide 18 262
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. .. RetTime
Compound Name PrecursorIon  ProductIon MassRes CE(V) (min)
PGJ2-15-deoxy-delta 12,14 3152 2031 Wide 24 262
PGJ2-15-deoxy-delta 12,14 3152 1582 Wide 20 262
1 Saleem, M.A; O'Hare, M]; Reiser, J; Coward, R]; Inward, CD; Farren, T; Xing, CY; Nj, L;

Mathieson, P.W.; Mundel, P. A conditionally immortalized human podocyte cell line demonstrating
nephrin and podocin expression. Jownal of the American Society of Nephrology : JASN 2002, 13, 630-638.
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